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ABSTRACT 
This thesis examines the intrinsic and extrinsic factors that influence the 
reproductive strategy of a temperate insectivorous bat, Myotis lucifugus. Body 
composition \Vas measured using both direct analysis (dehydration and fat extraction) and 
total b0dy electrical conductivity (TOBEC) analysis. Changes in body composition 
during.the reproductive season show that both fat and mineral stores are mobilized during 
lactation. However, the changes were small relative to the level of reproductive effort. 
supporting the hypothesis that small insectivorous bats use direct-costing to meet thl.! 
costs of reproduction. An increase in size of the digestive tract suggests that increased 
foraging capacity is an important component of this strategy. Changes in body 
composition in young bats show a two-week period of linear postnatal growth followed 
by a rapid transition to adult body composition. By the 1end of August, young bats had 
achieved a mass-specific body composition:similar to post-lactating.adult females, 
although they had a smaller body mass. Body composition did not influence any of the 
reproductive traits investigated in the present study. 
VI 
Young bats born early in the parturition period had a higher postnatal growth rate. 
suggesting that time-dependent effects influence reproductive strategy in A-rmcis 
lucifugus. Sex-dependent influences suggest that maternal costs are higher when 
producing female young: female offspring l) had a higher postnatal growth rate, 2) had 
more body fat at weaning, 3) were born earlier and remained with the mother longer than 
male offspring. High levels of precipitation during early pregnancy resulted in a delayed 
parturition period and a male-biased sex ratio at birth. High levels of precipitation in late 
summer increased overwinter recapture rate in adult females. Low ambient temperature 
in early summer reduced the reproductive rate and level of reproductive synchrony. Low 
temperatures in late summer reduced overwinter recapture rate in yearling bats. These 
extrinsic factors may influence the energy budget of A1. lucifugus by increasing 
thermoregulatory costs and reducing foraging opportunity or prey availability. Thus 
intrinsic tactors influenced some of the within-season variation in reproducti\·e traits. 
whereas extrinsic factors primarily affected between-year variation. 
Vll 
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1.1 INTRODUCTION 
CHAPTER ONE 
INTRODUCTION 
Life history theory lies at the heart of biology. and is central to integrating 
disciplines of population biology and physiological ecology (Steams. 1992). Analysis of 
the principal life history traits (growth rate, age at maturity, offspring sex ratio, and age-
specific reproductive investment and mortality) provides insight into the evolutionary 
history that has shaped populations. Analysis of individual variation in life history traits. 
termed the reproduetive strategy, can also pliovide insight into the intluence of phenotypic 
plasticity on reproductive success. Small, temperate mammals provide an especially 
good model for such studies because of the high levels of reproductive investment within 
a relatively short reproductive season. This thesis presents life history data from the little 
brown bat A{votis lucifugus in the northeastern distribution of its range. In particular, I 
will focus on the role that intrinsic and extrinsic factors may have on its reproductive 
strategy. This broad survey will provide a clearer picture of the influence of individual 
variation on life history and reproductive strategy in small temperate bats. 
To fully understand the reproductive strategy of an organism requires knowledge 
of several factors, including morphological and physiological constraints, resource 
availability, time constraints, and mortality patterns (Mililar, 1981 ). This thesis will 
address ,morphological and physiological constraints by studying individual and seasonal 
variation in body composition. The effect of both resource availability and time 
2 
constraints will be investigated by analyzing the influence of seasonal variation in 
temperature and precipitation on reproductive timing. Lastly, analysis of annual variation 
in survivorship should help clarify the role that mortality patterns play in the reproductive 
strategy of small temperate bats. 
This chapter begins with an overview of life history tactics and the potential 
influence of intrinsic and extrinsic factors on life history traits. Next, it highlights the 
attributes that make temperate bats, and A1yotis lucifugus in particular, an ideal model for 
the study of reproductive strategies. ft concludes with specific questions addressed by the 
thesis. 
1.2 LIFE HISTORY T ACTfCS 
The use ofthe terms ·reproductive strategy' and •life history tactic' can be 
confusing since they share many of the same traits; however, the terms are fundamentally 
different. Reproductive strategies vary between individuals and within-individuals across 
reproductive events; consequently, the appropriate level of analysis is the individual 
across multiple reproductive events. In contrast, life history tactics can only be measured 
on populations (Steams, 1976). Therefore, whereas life history studies focus on the mean 
value of a trait, studies on reproductive strategies focus on individual variation in that 
trait. Some life history traits, such as age of maturity, lifespan, and lifetime reproductive 
success, can not be measured in the same individual across reproductive events. 
However, the remaining traits can be analyzed at the level of the population or the 
individual. 
A life history is a function of three biological processes- growth, maintenance, 
and reproduction (Gadgil & Bossert, 1970). Life history theory helps explain how these 
processes compete in an ecological setting to produce evolutionary changes in 
populations (Steams, 1976). Although this thesis does not attempt to address questions 
of life history evolution, valuable insight can be gained by understanding life history 
theory. For example, life history models predict that most trade-offs involving 
reproduction are negative (Moreno, 1993 ). This prediction can be compared to 
observations of reproductive strategies to determine whether trade-offs differ at the level 
of the individual. However, one cannot assume a priori that life history trade-offs 
remain the same at the individual and population level (Harvey & Pagel, 1991 ). 
3 
Although life history theory can provide some insights into potential constraints and 
trade-offs in an organism's reproductive strategy, life history models may not be 
appropriate because they focus on variation at higher taxonomic levels (Innes & Millar. 
1994). For studies in Chiroptera, two additional concerns exist when applying life history 
theory to reproductive strategies. 
Most life history models are based on organisms that meet the cost of 
reproduction through stored reserves (absorption costing, sensu Sibly & Calow, 1984). 
Consequently, these models may not be appropriate for organisms, such as bats, which 
generally do not rely on stored reserves (Stearns, 1989). In addition, many mammalian 
life history models fail to include Chiroptera (Millar, 1977; Western & Ssenakula, 1982; 
Martin & McLamon. 1985; Zeveloff & Boyce, 1988), and thus may not provide realistic 
predictions for this; group. Thus, most of the data presented in the thesis will focus on 
reproductive strategies, although some life history traits will be presented and compared 
to life history theory. 
1.3 fNTRINSIC FACTORS 
Energy budgets during reproduction have been developed for Myotis /ucifugus 
(Kurta et al.. I 989). and are beyond the scope of this thesis. However. an important 
component of any energy budget is stored energy. Individual variation in stored reserves 
{primarily body fat) can influence total production of offspring (Armitage, 1987), as well 
as birth mass (Venne, 1965), growth rate (Sikes, 1996),: survivorship, and reproductive 
success (Bazhan et al.. I 996). rhus. knowledge of body, composition is important in any 
effort to assess reproductive costs. 
4 
Small homeothermic organisms have a higher relative cost of reproduction than 
large homeotherms. but a lower relative ability to store energy (McNab. 1987). Although 
some small homeotherms, particularly granivorous rodents and birds, store food in 
caches, most rely on available resources rather than stored reserves to meet the cost of 
reproduction ('direct costing' sensu Sibly & Calow, 1984). Although body fat is unlikely 
to predict long-term reproductive success in such species, it plays an important role in an 
animal ~reaching reproductive maturity and maintaining reproductive cycles (Bronson et 
al., 1991 ). In addition, body fat can be an important source of energy during short-term 
periods of negative energy balance, such as during inclement weather or peak 
reproductive demand. 
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One of the goals of this thesis is to evaluate a non-destructive technique for body 
composition analysis, and to assess the role of individual variation ~n body composition 
on reproductive strategies. The recapture of individuals may allow assessment of 
changes in body composition during pregnancy and lactation in adult females, and during 
the postnatal period in young bats. The role of body composition on traits such as 
offspring sex ratio: postnatal growth rate; and reproductive rate, timing, and synchrony. 
will also be examined. In addition to variaLion in body composition. other intrinsic 
factors such as age and prior reproductive e~perience will be investigated. 
Age-specific effects on reproductive performance are common in iteroparous 
species (Forslund & Part. 1995). In fact. maternal age often explains more variation in 
reproductive success than any other life his~ory parameters (Newton. 1988; Forslund & 
Part, 1995). The general pattern across iteroparous species is a period of increasing 
reproductive output, an extended period of age-independent reproductive output, and a 
period of age-dependent decline in reproductive output. The present study evaluated 
evidence for age-dependent reproductive performance, including reproductive rate. 
reproductive timing, and sex ratio at birth. 
Experience, such as the reproductive history of a female, also plays a role in her 
ability to invest in, and successfully raise, offspring. Primiparous females typically have 
lower reproductive success than reproductively-experienced females {Reiter et al., 1981 ), 
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whereas females that are barren in the previous season tend to have higher reproductive 
success (Clutton-Brock et al., 1984 ). Age-dependent life history models. however, ignore 
the role of state (i.e. body condition) by assuming individuals of a given age are identical 
(McNamara & Houston, 1996). By examining body composition, age, and reproductive 
experience. the reiative contribution of each of these factor to the reproductive strategy of 
the organism may be elucidated. 
1.4 EXTRINSIC FACTORS 
Both temperature and precipitation influence seasonal patterns of reproduction in 
temperate mammals (Bronson. 1989). However, variation in these factors may also 
influence annual variation in reproductive strategies. In particular. heavy precipitation 
can delay or prevent foraging in insectivoro1us bats (Kunz, 1974; Grindal et al.. 1992: 
Kunz & Anthony. 1996). In addition. bats attempting to forage during precipitation may 
have only a limited ability to echo locate and1 detect prey (Griffin. 1971 ), and have 
additional thermoregulatory costs resulting from heat loss through skin and fur. Although 
precipitation can affect short-term energy budgets, temperature has a stronger influence 
on seasonal variation in reproductive timing. 
Ambient temperature is one of the most important factors influencing prey 
availability in temperate bats (Anthony et aL, 1981; Rydell, 1989; Hickey & Fenton, 
1996), and consequently many insectivorous bats do not forage on cold evenings (Rydell, 
1989; Holroyd, 1993). In addition to reducing the availability of prey, low ambient 
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temperature also increases thermoregulatory costs in temperate bats (McNab 1973; 
Humphrey et al.. 1977). Low spring temperatures can result in more frequent use of 
torpor and a delayed gestation period (Racey, 1973; Racey & Swift, 1981; Holroyd, 
1993; Hoying & Kunz, 1998). Low spring temperatures may also result in lower 
reproductive rates due to increased embryonic resorption (Holroyd, 1993 ). Later in the 
summer, low ambient temperature may reduce postnatal growth rates (Racey, 1973; 
Humphrey & Cope, 1977; Holroyd. 1993; McOwat & Andrews, 1995; Hoying & Kunz, 
1998)~ if these reduced growth rates delay weaning and prevent young from accumulating 
adequate body fat reserves tor successful hibernation, then overwinter survivorship of 
juveniles will be reduced (Davis & Hitchcock. 1965). 
1.5 WHY STUDY REPRODUCTIVE STRATEGIES rN TEMPERATE BATS? 
An understanding of the reproductive strategies oftemperate bats is important 
because their life history is substantially different from other small mammals. Bats are 
similar to other small mammals in that both have a high level of reproductive investment 
(Kurta & Kunz, 1987) and produce neonatal litter masses that average about 25% of adult 
body mass (Barclay, 1995). However, whereas terrestrial mammals produce many, small 
offspring (each averaging less than 8% adult mass), bats produce few, large offspring 
(averaging 22% adult mass: Kurta & Kunz, 1987; Hayssen & Kunz, 1996). Bats, despite 
their small size, possess many other life history traits more characteristic of large 
mammals, including small litter size, low fecundity, long life expectancy, and slow 
postnatal growth rate (Kurta & Kunz, 1987). Bats also differ from other small mammals 
in that many aspects of the postnatal growth and matwation of bats are more similar to 
birds (Tuttle & Stevenson. 1982). Specifically, individual young bats are weaned at a 
larger relative size than terrestrial mammals (70% vs. 37%: Barclay, 1995). Such 
differences between bats and other small mammals is at least partly due to the evolution 
of flight and echolocation in bats, and the constraints imposed by these adaptations. 
The impact of body mass on flight performance represents a major constraint on 
the reproductive biology of bats. particularly small, insectivorous bats that rely on 
maneuverability to capture prey (Webb et al., 1992). The aerodynamic stresses of flight 
require that the skeletal and muscular development of young bats approach adult levels 
before weaning; this results in offspring having a high relative mass (about 70%) and 
skeletal size ( 91%) at weaning (Powers et al.. 1991 ). The energetic and mineral costs of 
this high weaning mass must be met completely by the mother (Barclay, 1994; 1995). [n 
addition. the complexity of echolocation requires the young bats to have achieved 
advanced neuromuscular development before weaning can occur (Kurta & Kunz. 1987; 
Powers et al.. 1991 ). In addition to these adaptive constraints, reproduction in temperate 
bats has energetic and time constraints. 
Energy is likely to be an important constraint in small temperate bats because of 
the high level of reproductive effort and their small body size (Racey & Speakman, 
1987). ln addition to timing peak energetic demands (late lactation) with peak prey 
availability (Speakman & Racey, 1987), temperate insectivorous bats appear to have 
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evolved at least two adaptations that reduce the amount of energy devoted to 
maintenance: low resting metabolic rate and the use ofheterothermy (McNab, 1982). 
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Temperate bats of the family Vespertilionidae and Rhinolophidae are capable of 
reducing energetic costs by becoming heterothennic for short (torpor) and long 
(hibernation) periods of time. Because as much as 98%:ofthe total energy budget of 
homeo.therrnic organisms is committed to maintenance, compared td less than 80% in 
hetertherrns (Kilgore & Armitage, 1978), the potential energetic savings ofheterothermy 
is large. In conjunction with behavioral thermoregulation (the use of warm maternity 
roosts and clustering). torpor can substantially reduce the maintenance costs of temperate 
bats. and consequently increase.the proportion of their energy budget allocated to 
reproduction. However. because torpor incl!'eases the length of gestation in bats (Racey. 
1973). heterotherrny represents a trade-off between energetic savings and the time 
~onstraints imposed by seasonal reproduction. 
The reproductive season represents the majority of the activeiseason in temperate 
hibernating bats. During this period, temperate bats must complete gestation, parturition. 
and weaning of their young. In addition to daily maintenance costs during the 
reproductive season. adult bats must also moult and deposit adequate body fat in the short 
post-reproductive season to mate and successfully hibernate (Kunz et al.. 1998). Because 
each stage of the active season is sequentially linked to its' preceding stage, temperate 
bats are extremely sensitive to annual variation in ambient temperature and resource 
availability. Individual variation in environmental sensitivity would therefore produce 
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variation in reproductive timing. In addition, iteroparity creates a resource-dependent 
reproductive strategy in temperate bats where some individuals may forego reproduction 
(or abandon current reproductive investment through embryonic resorption) during 
prolonged energetic stress (Calow, 1979). Therefore individual variation in body 
composition may be superimposed over the trade-off between energy and time 
constraints. 
1.6 \!}"OTIS LUCIFUGUS 
rhc little brown bat (Myotis lucifugus) is a small temperate bat tadult body mass 
about ~ .5 g and length of foreann about 38 mm) belonging to the most widely distributed 
genus of bats in the world (Nowak, 1994). Populations of All. lucifugus in :'\iew England 
and eastern ~ew York may repnesent a single deme because individuals marked in large 
winter hibernacula have been found in summer maternity colonies throughout this region 
(Davis & Hitchcock. 1965; Humphrey & Cope, 1976). ,\;f. lucifugus in ~ew England has 
a period of seasonal activity (from late-April through late-September) separated by a 
prolonged winter hibernation. During the active period, adult females form maternity 
colonies that are variable in size (from 20- 3,000 adults: Humphrey & Cope, 1976) and 
are almost exclusively found in man-made s.tructures such as buildings. barns. and sheds 
(Schowalter ct al., 1:979). Not surprisingly, 'maternity colonies' are almost exclusively 
limited to reproductive females,1 with adult males and non-reproductive females spending 
the active season in smaller 'shelters' (Fenton, 1970; Fenton & Barclay, 1980). Upon 
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arrival at the maternity colony, females have already conceived. 
Mating in/'.,/. lucifugus ,jn promiscuous and random (Wai-Ping & Fenton, 1988). 
Females produce a single ovum in early spring (Wimsatt & Parks, 1966) prior to leaving 
the hibemaculum. Sperm is deposited during the autumn mating and is stored in a 
female's reproductive tract throughout hibernation (Oxberry, 1979; IBuchanan. 1987). 
Conception occurs in early April and gesta~ion lasts approximately 60 days (Wimsatt. 
1945; O'Farrell & Studier, 1973; Kurta et al., 1989). Parturition occurs from early-June 
to early-July in New England (Oa\·is & Hitchcock, 1965). Single young weigh up to 32% 
adult body mass (Smith. 1955) and 40% adult length (Kunz & Anthony. 1982). By the 
end of an approximately 26-day lactation period (Fenton & Barclay, 1980; Kurta et al.. 
1989), young achieve 84% adult body size (Kunz & Anthony, 1982). After young arc 
weaned. adult females molt and deposit body fat in preparation for migration. mating. and 
hibernation ( Kunz ct al.. 1998). Young bats continue to grow and deposit body fat tor 
migration and hibernation. Although most males do not become reproductively active 
their first year (O'Farrell & Studier. 1973; Racey, 1982), some females are sexually 
mature and mate in their first autumn swarm (Humphrey & Cope, 1976). 
1.7 OUTLINE OF THESIS 
My thesis has two major sections presented in five chapters. The first section 
presents data on the principal life history traits (growth rate and pattern, age at maturity, 
reproductive rate, offspring sex ratio, age-specific reproductive investment, and 
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survivorship) in a series of three chapters. Temporal \-!ariation in reproduction 
(reproductive timing, and synchrony). as well as seasonal reproductive rates are presented 
together in Chapter Five. Postnatal growth:rates are presented with these traits because it 
was hypothesized that growth rates would be influenced by temporal variation in 
reproductive timing. The analysis of offspring sex ratio! is presented separately (Chapter 
Four) because it is unique to the other life history traits in both theory and analysis. 
Similarly, survivorship is presented separately (ChaptenSix) because it is based on 
recapture data that is different from the data used in all other chapters (based on unique 
captures). Because stored energy was to play a large role in the reproductive strategy of 
M. lucifugus, changes in body composition throughout the reproductive season were 
analyzed. These data. and the techniques derived to measure intra- and inter-individual 
variation in body composition are presented in the second component of the thesis. 
The second section presents data on body composition. The body composition 
analysis presented in this thesis provides important information about the physiological 
constraints of reproduction and postnatal growth in M. lucifugus (Chapter Two). In 
addition to measuring body composition through direct analytic techniques, this thesis 
presents a new, non-destructive technique for estimating body composition in ~\11. 
lucifugus (Chapter Three). 
Section l: Life History Analysis 
Sex Allocation (Chapter Four) 
1.1 What does sex allocation theory predict as a reproductive strategy for 
temperate bats? 
1.2 How do intrinsic factors such as maternal age, reproductive experience. and 
body condition influence sex allocation strategy? 
1.3 Does the primary or secondary sex ratio vary across years? 
1.4 How does annual variation in extrinsic factors, such as temperature and 
precipitation. influence the primary or secondary sex ratio? 
1.5 Does sex ratio of offspring vary over the reproductive period? 
1.6 Does the birth sex ratio accurately predict sex ratio at weaning? 
Reproductive Time Constraints (Chapter Five) 
1. 7 Do population-level reproductive traits, such as reproductive rate. 
reproductive timing, and reproductive synchrony vary annually? 
1.8 How do intrinsic factors, such as age and body condition, influence 
reproductive timing? 
1.9 How do extrinsic factors, such as temperature and precipitation, influence 
annual variation in reproductive timing and reproductive synchrony? 
1. 1 0 Does reproductive timing vary across age classes? 
1.11 Does postnatal growth rate vary across years? 
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1.12 How do extrinsic factors, such as temperature and precipitation, influence 
inter-year variation in postnatal growth rate? 
1.13 Which sampling method, longitudinal or cross-sectional, is most 
appropriate for comparing postnatal growth rates between years or 
between populations? 
Survivorship (Chapter 6) 
1.14 Do survivorship estimates based on recapture percentage and the Jolly-
Seber-Cormack method differ? 
1.15 Do recapture rates and survivorship between adult and young bats differ? 
1.16 How do extrinsic factors, such as temperature and precipitation, influence 
annual \·ariation in recapture rate and survivorship? 
Section 2: Body Composition 
2.1 How does reproduction, particularly pregnancy and lactation. influence the 
body composition of adult females? 
2.2 How does body composition change during postnatal growth of young? 
2.3 How does the body composition of weaned young compare to adult females? 
2.4 Does body composition analysis reveal how adult females meet the costs of 
reproduction? 
2.5 Can predictive equations be generated to measure body composition in Myotis 
lucifugu.s based on non-lethal methods? 
2.6 Is total body electrical conductivity (TOBEC) analysis a viable, non-
destructive method of body composition analysis? 
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CHAPTER TWO 
CHAl"iGES IN BODY COMPOSITION DURING REPRODUCTION 
AND POSTNATAL GROWTH 
2.1 ABSTRACT 
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Body composition of the little brown bat, Myotis lucifugus was quantified to 
better understand the costs of reproduction in a small temperate mammal. Changes in the 
major components of body composition (water, lean dry, and fat mass) during the 
breeding season were analyzed in adult females as well as during postnatal growth of 
young. Changes in body composition of reproductive females were small relative to their 
level of reproductive effort, suggesting that most of the increased costs of reproduction 
are not met by depletion of body reserves. The reduction oflean dry and fat mass in adult 
females suggest that mineral and fat stores are mobilized to maintain high postnatal 
gr0\'-1h rates of pups. Changes in the GI tract of adult females suggests that most of the 
increased energy demands of lactation are met through increased food storage capacity. 
:\two-week period of postnatal linear growth in the pups was followed by a rapid 
transition to adult body composition. 
2.2 INTRODUCTION 
Body composition is an important life-history characteristic of animals. By 
investigating changes in body composition as an individual grows, matures, and 
reproduces, one can gain insight into the physiological constraints that limit reproductive 
success of a population. One approach to investigating body composition is to partition 
body mass into three compartments: structural- non-storage components; body reserves-
somatic lipid, protein, or minerals that are required for normal functioning but can be 
mobilized in an emergency; and body stores- nutrient accumulation in anticipation of 
increased nutrient requirements or decreased nutrient availability (VanderMeer & 
Piersma, 1994). Because body stores represent the only labile component, one can 
attribute changes in body mass to this compartment, and thus identify behavioral and 
physiological constraints which animals experience. In practice, however, partitioning 
resources among the three compartments is difficult because the distinction between body 
reserves and body stores is not easy to define. 
An alternative approach for studying body composition is to partition the total 
body into separate tissue or organ compartments and to quantify changes in compartment 
size and composition at different life-history stages. This approach has the advantage of 
being able to identify changes in composition that occur in the absence of changes in 
body size. By focusing on changes in separate compartments, one can identify 
functionally distinct roles for each body compartment as an individual passes through 
different life-history stages such as mating, reproduction, migration, or hibernation. 
Although these approaches differ in their focus (body mass changes in the fanner and 
body composition changes in the latter), they ultimately have the same goal: to identify 
underlying changes in nutritional status and body stores. Body fat is a common target of 
body composition studies because lipids are considered limiting substrates for successful 
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growth and reproduction (Conway et al., 1994). 
Although structural and depot lipids are critical for many physiological functions, 
the majority of lipids are used as energy reserves (Schemmel, 1976~ Pond. 1981; 
Walsberg, 1988). During periods of positive energy balance, foods consumed while 
foraging are converted to long-chain, fatty~acid triglycerides that are stored in specific 
depots. The distribution of fat depots varies among taxa, with insects storing lipids in 
haemolymph and cuticular fat bodies (Downer & Matthews, 1976),i lizards in visceral fat 
bodies (Derickson, 1976), birds in multiple fat depots (Blem, 1976), and mammals in 
subcutaneous fat and visceral fat depots (Allen, 1976; Meier & Bums. 1976: Schemmel. 
1976 ). For birds and mammals, these depots vary in size and in the order in which they 
are mobilized during periods of negative energy-balance (Dauphine, 1976; Pond & 
Mattacks. 1995). 
Because lipid depots are the most labile component ofbody,mass (Picrsma, 
1984 ). changes in fat depot-size can be used to assess variation in food provisioning 
among animals subject to seasonal environments (Ricklefs & Schew. 1994). [n larger 
animals. fat depots can account for most of1the energy necessary forr reproduction 
(Drobney, 1980) arid therefore have a large role in determining reproductive success 
(Samson & Huot, 1995). In smaller animals, fat stores may be too small to directly 
influence reproductive success, but they caa be crucial to surviving periods of energetic 
stress such as migration and hibernation. 
Several attributes of temperate vespertilionid bats make them a suitable model for 
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studying the ability of small mammals to meet the energetic demands of reproduction. In 
particular, these bats have a high level of total reproductive investment. with the little 
brown bat, Myotis lucifugus. producing neonates that are up to 30% adult body mass 
(Wimsatt. 1945; Smith, 1955), 40% adult body size (Kunz & Anthony, 1982), and are 
weaned at 84% adult size (Kunz & Anthony, 1982). Further, these c.osts are incurred 
over a 60-day gestation period (Wimsatt, 1945; Kurta et al., 1989) and a 26-day period of 
lactation (Kurta et al., 1989); the length and timing of both of these stages are influenced 
by environmental conditions. Lastly, the impact of increased body mass on wing loading, 
and consequently flight performance and maneuverability (Webb et al.. 1992), creates a 
trade-off between reproductive and foraging costs in small bats. 
, ., 
-·-' \1A TERIALS AND METHODS 
To assess changes in body composition, 60 little brown bats. /vfyotis lucifugus (26 
adult females. 15 young females, and 19 young males) were captured at the Carr colony 
(Peterborough, Ne~ Hampshire) from 16 June to 25 July, 1995. Individuals were taken 
from their maternity roost between 0500 h and 0700 h, placed together in nylon mesh 
bags. and transported to a field laboratory where gender was determined and body mass 
(g) and length of foreann (mm) of each bat were measured. Reproductive condition of 
adult females was assigned as early pregnancy (captured from April to mid-June before 
fetus was detectable by palpation), late pregnancy (second half of pregnancy when 
palpation is reliable), lactating, or post-lactating (Racey, :1988). Adult females captured 
after the parturition period had begun, without any sign of pregnancy or lactation, were 
assigned as non-reproductive. 
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Bats were categorized into two age groups; young-of-the-year (young) and adult. 
For young bats, total length of epiphyseal gap of the fourth metacarpal of the right wing 
was measured to the nearest 0.02 mm by placing the outstretched wing on a dissecting 
microscope and viewing the transillwninatedjoint with an ocular micrometer. Age of 
young bats was estimated using equations for length of forearm and total length of 
~!piphyseal gap (Kunz & Anthony, 1982). Young bats were grouped into four categories 
( \'v·eek one s 7 days postnatal, week two > 7 days s: 14 days postnatal. week three > 14 
days s 21 days postnatal, and week four or greater> 21 days postnatal). 
2.3.1 Body Composition Analysis 
After mensural characters were recorded, bats were euthanized. placed in whirl-
pac plastic bags, stored on dry ice, and transported to the laboratory freezer at Boston 
University, Massachusetts until analysis was conducted from 17 November 1995 to 17 
June 1996. Body composition of each bat was calculated by separating total body mass 
(TBM) into wet mass, dry mass, and lean dry mass in order derive total body fat (TBF), 
total body water (TBW), and lean dry mass (LDM). ln addition. lean body mass was 
detennined by subtracting total body fat from body mass (TBM- TBF). To determine 
body composition, individual bats were allowed to thaw passively inside individual bags. 
Analysis of body composition was perfonned by modifying the procedure of Pierson & 
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Stack ~ 1988) as follows. Bats were dissected to separate the body into as many as six 
organ compartments: skin. liver, gut, reproductive tissue (for pregnant females: fetal and 
uterine tissue), mariunary gland (for late-pregnant and lactating females), and carcass. 
Each compartment was weighed using a Mettler AE-50 precision balance (± 0.05 .ug) 
and oven-dried at 60°C to a constant mass and re-weighed. Total water (g) of each 
compartment was calculated by subtracting final mass (dry mass) from pre-dried mass 
(wet mass). Water content (WC) was calculated by dividing total water by wet mass (g tg 
wet mass *100). 
To obtain lean dry mass, each sample was transferred to a pre-dried paper pouch 
(tea bag) and fat was extracted using a Soxhlet apparatus with ethyl alcohol and 
petroleum ether (3:1) with a 45-min flux-cycle. Each sample was fluxed for 11-13 cycles 
per day for two days (extraction solvent was replaced each day). placed into a convection 
oven at 60°C for 24 hours, re-soaked in extraction solvent for 8 h, and returned to the 
convection oven for 24 h before being re-weighed. The .difference between dry mass and 
lean dry mass was considered total body fat(TBF). A fat index (FI) was calculated by 
dividing total fat by. lean dry mass (TBF!LDM). Percent lean dry mass 
(%LDM=LDMffBM* 100) was also calculated. All mass losses pljor to drying were 
assumed to be due to post-mortem evaporative water loss during freezing and re-warming 
of the subject and from fluid loss during dissection. Energy density (kJg-1) was estimated 
using the equation ofKaufinan & Kaufman (1975): 
ED (kJg•1) = [(TBF' X 38.10 kJg•1) + (LDM X 19.26 kJg"1)] I [TBM(g)] (Equation 2-1) 
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- . .:>.- Statistical Analysis 
Statistical analyses were performed using the SAS statistical package (SAS, 
1990). Preliminary regression analysis revealed four individuals with large residuals 
(studentized residuals> 3.0). Because these outliers had significantly higher mass losses 
during dissection than non-outlier subjects (t=3.91 p< 0.05), they were removed from 
further analyses. Removal of these outliers did not qualitatively change the conclusions. 
A correlation matrix was generated for all the body-composition variables. Each 
variable contributing to a body-composition compartment was tested using a t-test to 
explore differences attributable to both adult status (adult or young) and gender (limited 
to young bats due to the absence of adult males). Analysis of variance models were used 
to compare differences in body composition attributable to reproductive condition in 
adult females and age in young. To test for significant differences between reproductive 
stages, as well as between adults and young, a multiple-comparisons test (TUKEY) was 
performed to control experiment-wide error rates (SAS. 1990). Where significant effects 
of age were found, regression analysis was perfonned to establish these relationships. 
2.4 RESULTS 
2.4.1 Relationships between Body-Compartment Variables 
All whole-body compartments (LBM, LDM, TBW, TBF) were positively 
correlated with each other (Table 2-1). Because relationships between mass-specific 
composition variables differed between adults and young, data were analyzed separately 
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for each. The mass-specific compartment ii was negatively correlated with %LDM and 
WC (range r: -0.42 to -0. 79) in both adult and young bats. Although %LDM and WC 
were not correlated in adults, they were negatively correlated in young bats (r=-0.40). 
Within each compartment, the relationship between the whole-body and mass-specific 
variables often changed between adult and young bats. Both LBM and LDM were 
positively correlated with %LDM in young bats, but negatively correlated in the adults. 
Conversely, TBW and WC were positively correlated in adults and negatively correlated 
in young. Lastly, TBF and FI were positively correlated in both adult and young bats. 
2.4.2 Overall Body Composition 
Adults had significantly' higher TBW, LDM, LBM, and TBF compared to young 
bats (Table 2-2). Atdults also had a lower water content (WC) compared to young bats 
(69.12% vs 71.34%: Table 2-2). Within adults. reproductive condition had no significant 
effect on TBW or WC (Table 2-r3a). In young bats. TBW gained 0.21 g/day during the 
second week post-partum and stabilized for:the remainder of the postnatal growth period 
(Table 2-3b). Due to an increasing TBM and a stable TBW after the second week (Figure 
l ), the WC value of young reached adult levels by the time they were weaned (68.17% vs 
69.12%: t=O. 71, p>0.48). 
Adults also had a significantly higher percent lean dry mass (%LDM) than young 
(24.06% vs 21.65%). Both LDM and LBM ,decreased throughout the reproductive period 
from late pregnancy to lactation without a c9rresponding decrease in. %LDM (Table 2-
3a). In young bats. both LDM and LBM increased with age (Figure l ). although the 
%LDM did not increase until after the third week after birth (Table 2-3b). 
Adults had a significantly lower fat1 index (FI) cpmpared to young bats (0.31 vs 
0.39: Table 2-2). Differences in TBF and fl became non-significant when the 
comparison was made with young from the last age group (TBF: t=l.68, p=O.IO and FI: 
t=l.23, p=0.24). Neither TBF nor FI was significantly influenced by the reproductive 
condition of adult females (Table 2-3a). In young bats,TBF levels increased 146% 
during,the second week post-partum and then remained,stable until ~veaning (Figure l }. 
This resulted in an increase in FI during the second week, but continued increases in 
TBM and the stable TBF level after week two led to a significant decline in FI to levels 
comparable to the first week post-partum (Table 2-3b). 
2.4.3 Comparison of Tissue Compartments 
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Each tissue compartment ranked similarly for all whole-body variables; the 
carcass was the largest compartment and was significantly higher than other 
compalitments for all whole-body variables. Reproductive tissue (fetal and uterine tissue 
of pregnant females) and skin were similar to each other for all whole-body variables 
(except that reproductive tissue had twice the total water of skin), as were liver. GI tract, 
and mammary tissue (Table 2-4). Mass-specific relationships between tissues were more 
complex. 
2.4.3.1 Skin Composition 
Across individuals. skin had the highest %LDM and lowest Fl and We compared 
with other tissues (Table 2-4). Total water, lean mass (dry and wet). and fat mass of skin 
decreased from early pregnancy to after lactation, although only total water and wet lean 
mass were significant (Table 2-5). we decreased, whereas %LDM values increased, 
across reproductive stages. reaching significance by late pregnancy in we and lactation 
in %LDM. FI did not change across reproductive stages. Total water mass, lean mass 
(wet and dry), and fat mass of skin from young bats increased significantly in the first 
two weeks after birth; during the third week, total water mass. wet lean mass. and fat 
mass began to decline. Significant decreases in water content and increases in %LDM 
occurred with age, with FI peaking during the second week post-partum (Table 2-6). All 
composition variables of young were the same as adult levels by the end ofthe fourth 
week post-partum except for lean dry mass. 
2.4.3.2 GI Tract Composition 
Across individuals, the GI tract had the highest FI and the second highest WC of 
all tissues, resulting in the lowest %LDM (Table 2-4). Total water, wet lean mass, dry 
lean mass, and fat mass each fluctuated synchronously, decreasing to their lowest values 
during late pregnancy and increasing to peak values during lactation (Table 2-6). All 
mass-specific indices remained stable across all reproductive stages. The GI tract 
increased in wet mass during postnatal development in young bats, with a similar 
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increase in TBW, LBM, and TBF. LDM ofthe GI tract did not increase significantly 
until after the third week post-partum. we of the GI tract did not change throughout 
development and was similar to values measured in adult bats (t=0.35, p>0.70). Total 
%LDM of young decreased during the second week post-partum before increasing 
significantly, reaching adult values during the fourth week (t=O.l.3 7, p>O.l5). Lastly, FI 
increased throughout development before declining in the fourth week post-partum 
(Table 2-6); FI and fat mass values observed by the fourth week of postnatal development 
were similar to adult levels (t=1.29,p>0.20 and t=l.l3, p>0.25, respectively). TBF of the 
GI tract in female young was significantly higher than male young after the end of the 
linear growth phase (0.04 g vs. 0.03 g, t= 2.20, p< 0.05). 
2.4.3.3 Liver Composition 
The liver had the second-highest Fl but was otherwise intermediate for both WC 
and %LDM (Table 2-4). Mass-specific composition ofthe liver did not change 
significantly across reproductive stages in adults or during postnatal growth of young 
(Table 2-7). TBW, LBM, LDM, and TBF all increased significantly during postnatal 
growth of the young, with the most dramatic increase occurring when the young were 
being weaned. TBW, LDM, LBM of weaned young remained significantly less than 
adults. However, liver TBF of weaned young was similar to adults (t=l.85, p>0.07). 
Similarly, both we and Fl had reached adult levels by weaning. 
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2.4.3.4 Carcass Composition 
The carcass had the second-highest %LDM but had intermediate values for both 
FI and WC across individuals (Table 2-4). The only compartment that significantly 
changed across reproductive stages was LDM, which increased from early pregnancy 
levels and peaked during lactation (Table 2-8). Although LBM, TBF, and TBW tended 
to increase, none were statistically significant. WC of the carcass decreased, whereas 
%LDM increased with age throughout development. FI increased initially but peaked 
during the first two weeks of growth before declining to levels similar to those at birth 
(Table 2-8). This resulted in an increased energy density from 11.36 kJg· 1 to 24.36 kJg·' 
during the first two weeks of growth. By four weeks, both carcass TBF and FI were 
similar to levels detected in post-lactating adults (t=0.65, p>0.55 and t= 1.63, p>0.18, 
respectively). Female young also had a higher carcass TBF than male young by the end 
of the linear growth phase (0.26 g vs. 0.18 g), but the difference only approached 
significance (F= 4.84, p= 0.08). 
2.5 DISCUSSION 
2.5.1 Adult Body Composition 
Categorizing the body into inert and metabolically active tissue (LBM and TBF) 
is both logical and constructive (Coward et al., 1988). Additionally, separating LBM into 
LDM and TBW allows one to further quantify changes in structural components (LDM} 
and hydration (TBW}. Because proteins are frequently a primary constraint to growth, 
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fecundity, reproduction (Davidson, 1983; Jenni-Eiennann, 1989), and survival (Bowen et 
al.,1995), treating LDM (which contains the protein components) as metabolically inert 
tissue is inaccurate. Moreover, treating LBM as a constant is inaccurate because it is 
highly variable in both birds (Connell et al.. 1960; Perdeck. 1985) and mammals 
(Atkinson & Ramsay, 1995 but see Mrosovsky & Faust. 1985). In fact. lean mass (LBM 
and LDM) was the only compartment in the present study which varied significantly 
across reproductive conditions in adult females. Although no seasonal changes in LDM 
were detected in rodents (Randolph et al.. 1995) or in temperate bats. ;\{\·otis griscensens 
(Krulin & Sealander, 1972) and Epresicus fuscus (Pistole. 1989). the present study shows 
that LDM values increased during late pregnancy and decreased to early pregnancy levels 
by the end oflactation. This decrease during lactation may reflect mobilization of 
minerals and proteins from body stores and transfer into the young during the rapid 
growth phase. 
The mass-specific water compartment ( WC) recorded in the present study was 
significantly higher than values published by Ewing et al. ( 1970) for 1'vl. lucifugus (WI = 
2.24 and 1.86, respectively, t=3.11, p<O.OS) where WI= TBW/LDM. The water content. 
however, similar to values observed in Sciunts niger (68%: Havera. 1978) and 
Pipistre/lus pipistre/lus (69%; Speakman & Racey, 1989), higher than those observed in 
humans (50% - 58%: Passmore, 1965), and lower than those typically observed in birds 
(range 71% - 75%: Mascher & Marcstrom, 1973; Marcstrom & Mascher, 1979; 
Westerterp et al., 1995 but see Skagen et al., 1993 ). The fact that the water content only 
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varied by 0.16% across all reproductive stages attests to the importance of maintaining a 
constant 'milieu interieur' (Pace & Rathburn. 1945; Denton et al., 1996 but see Ganon et 
al., 1994); this homeostasis was maintained within tissue compartments but not between 
them. 
Total fat mass, expressed as a percentage of total body mass1, was 7.8% for adult 
females during late pregnancy and lactation. This is similar to 7.0% observed in this 
species in mid-September by Ktmz et al. ( 1998) and 6. 9% - 7.8% typical for small 
mammals in general (Havera, 1978; Calder. 1984; Zuercher et al.. 1997), but much 
smaller than fat levels oflargermammals such as seals ('Worthy & Lavigne, 1983) and 
humans (Passmore, 1965; Frisch, 1980; Pollard. 1994) and in early hibernating !vf. 
lucifugus (Ewing et al., 1970; Kunz et al., 1!998); the expected increase in fat mass in 
preparation for hibernation is well documented (Yarbrough. 1970: A.tkinson & Ramsey. 
1995; Nunes & Holecamp, 1996; Kunz et al.. 1998). The negative correlation between 
TBM and %LDM in adult females (where structural size probably docs not change), 
without a corresponding change in water content, suggests that larger females have higher 
fat loads. Total body water and. body fat increased during late pregnancy ( 11% for both), 
but neither increase was statistically significant. This is; consistent with the hypothesis 
that small vespertilionid bats have high levels of inter-individual variation during 
reproduction and that this variation is at least partially attributable to fat stores (Webb et 
al., 1992). 
Total body fat tends to be negatively correlated with total body water (Bailey, 
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1979; Frisch, 1980; Chappell & Titman, 1983; Have~.1978; Arnauld et al., 1996, but 
see Piersma. 1984}. In the present study. adult female Myotis lucijitgus showed positive 
correlations between all whole-body composition variables. This suggests that seasonal 
shifts in body mass of M. lucifugus reflect changes in all components and not just 
changes in body fat independent of either body water or lean mass. This type of change 
is typical for mammals, but birqs commonly mobilize fat without corresponding changes 
in TBW or LDM (Odum et al.. 1964). However. the magnitude of change in the fat 
component was greater than that observed in body mass, suggesting the fat component is 
markedly affected by changes in body mass~ The bias in the fat component as an animal 
loses body mass has also been observed in pronghorns Antilocapra americana (Trainer et 
al., 1983 ). In contrast to Pond & Mattacks ( 1995 ), who studied arctic foxes Alopex 
lagopus. the present study found that subcutaneous fat depots in ;\4. /ucifugztS are less 
labile than organ fat depots. 
The inabllity to capture adult males precludes comparisons of sexual differences 
in body composition among adults. Ewing et al. { 1970) 1 found that adult females of M. 
lucifugus had higher fat loads than males during hibernation; a finding consistent with 
reports on other species (Passmore, 1965; Perrin. 1981; Studier et al., 1994 but see Baber 
& Coblentz, 1987; Rogers. 1995; Kunz et al., 1998 ). Often females have a higher level of 
inter-individual variation in fat loads (McLandress & Raveling, 1981; Dab bert et al., 
1997, but see Pond & Mattacks,' 1995) and both of these findings are commonly 
attributed to the role of fat in reproduction. 
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2.5.2 Changes in Adult Tissue Composition and the Gost of Reproduction 
Tissue compartments were consistent in rank for all whole-body composition 
variables, with the carcass being the largest compartment followed by reproductive tissue 
and skin, and lastly liver. GI tract. and mammary tissue! The liver showed no significant 
changes in size or composition across the adult females. This resultindicates that 
changes in organ mass do not occur seasonally in small mammals (Havera. 1978). 
although they are commonly observed in large mammals (Goldsmith et al., 1974; 
Mitchell et al., 1976; Storch. I 989) and birds ( Gammonley, 1985). 
Lactation is commonly considered the period ofpeak energetic demand in small 
mammals, representing 65% - 85% of the total energy costs of reproduction (Thompson. 
1992). These costs are manifested by increased food intake (Cox, 1965; Kunz, 1974; 
Anthony et al.. 19811; Kunz et al.. I 995; Speakman & Racey. I 987; Rydell, 1989; 1990) 
and energy expenditure (Kurta et al., 1990; Stem. I 996 ). The impact of these costs may 
be particularly important for microchiropterans because they have such high levels of 
reproductive investment (Barclay, 1994). ForM. /ucifugus the increased costs that occur 
during reproduction are only partially offset by reduced thermoregulatory costs (due to 
the seasonal increase in ambient temperature). reduced foraging costs (due to an increased 
abundance of insects). and reduced maintenance costs (due to an increased body size: 
Kurta et al., 1989). 
Considerable evidence from the present study indicates a high cost of 
reproduction, especially during lactation. First, there was a decrease in lean dry mass of 
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the carcass during lactation. Because smaH temperate bats are in a negative calcium 
budget during lactation (Barclay, 1994; 1995; Kwiecinski et al., 1987; Studier & Kunz, 
1995), this may represent changes in the mineral budget of reproductive females by 
accumulating minerals (such as calcium) in the bone mc;ttrix during pregnancy and early 
lactation and then transferring these minerals to the developing young through milk. In 
addition. there was, a 34% decrease in carcass total body fat from early pregnancy to post-
lactating females. Although this difference was not statistically significant, it may 
represent the transfer of energy. through lactation. into the developing young. A similar 
reduction (24%) in skin total body fat from late pregnancy to post-lactation may represent 
mobilization of subcutaneous fat stores for reproduction. Lastly, there was an increase in 
GI tract LBM (43%), LDM (40%), and TBF (50%) during lactation without changes in 
WC, %LDM, or FL These changes suggests a general increase in size of the digestive 
tract during lactation to allow for increased food storage capacity and assimilation 
efficiency (Wunder, 1992; Derting, 1996 ). Although average total body water and body 
fat decfeased from late pregnancy to post-lactation by 16% and 37%, respectively, the 
high level of inter-individual variation in these compartments masked any physiological 
significance of these changes. This high level of inter-individual variation is commonly 
observed among adults (Mascher & Marcstrom. 1973; McLandress & Raveling, 1981 ). 
The pattern of mass loss across reproductive stages is consistent within each of the 
whole-body composition variables; howeve['l without sampling non-reproductive females 
we cannot be certain whether the decrease is I the result of reproductive costs (such as a 
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reduction in total body fat with reproduction: Havera, 1978; Reinecke & Stone, 1982) or 
a general seasonal decline in body mass as observed in other species (Iverson & Vohs, 
1982; Baber & Coblentz, 1987). Analyzing non-reproductive females would also allow 
determination of an increase in body mass or body fat in anticipation of reproductive 
costs (Hirons et al., 1984; Atkinson & Ramsey, 1995), but few non-reproductive females 
were available in the present study. 
Although foraging preference and insect availability were not assessed in the 
present study, female M. lucifugus may meet many of the additional costs of reproduction 
through behavioral modifications that cannot be measured by body composition analysis. 
Given that a .. typical .. insect diet is 70% water, 4.6% fat, and 17.8% protein (Kunz, 1988; 
Kurta et al., 1989), lactating females may become more selective foragers by 
concentrating on taxa with higher fat and protein contents or become hyperphagic and 
increase the total volume of prey consumed ( Kunz et al., 1995). Lactating females could 
also shift their diet towards lower density prey items (such as plecopterans and 
hemipterans) that are higher in limiting nutrients such as calcium (Kurta, 1986). 
Lactating females also maintain a lower body temperature and use torpor more frequently 
(Racey, 1973; Kurta, 1986; Hoying & Kunz. 1998); this may be an energy-sparing 
mechanism that is not used as frequently during pregnancy because of the negative 
impact torpor has on fetal growth rates (Hoying & Kunz, 1998). Although small 
passerines use hyperphagia and do not use energy saving mechanisms (King, 1961 ), small 
temperate bats may do both in order to meet the high level of reproductive effort required 
for successful weaning and overwintering survival of offspring. Without being able to 
store large quantities of fat, behavioral modifications may be the most effective way for 
small temperate bats such as M. lucifugus to satisfy the fat, protein, and mineral demands 
of their growing young. 
2.5.3 Body Composition and Growth in Young Bats 
The water content of young bats was within the range typical for neonatal 
mammals (Robbins, 1993 ), but the FI values were twice as high as values observed in 
wild juvenile mice and slightly higher than observed in captive mice (Millar, 1975). 
Neonatal %LDM (22%) was similar to values previously found in this species (21 %: 
Fujita, 1986). The positive correlation between the LDM and %LDM in young bats 
results in an absolute and a relative increase in skeletal mass and skin surface area as the 
young grew. The negative correlation between TBW and WC in young bats reflects a 
large decrease in water content with age despite a linear rate of total water gain 
throughout the linear growth phase. 
The most dramatic change in body composition among young bats occurred 
during the second week of postnatal development. During this week, total body water, 
lean mass, and fat mass increased 60%, 63%, and 146%, respectively. The rate of 
increase in energy density during the first two weeks of postnatal growth was much 
higher than that reported for a similar-sized rodent (Kaufinan & Kaufman, 1975) but was 
similar to rates of change observed in other mammals (Worthy & Lavigne, 1983 ). The 
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rate of change for both %LDM and TBW in the present study was consistent with those 
observed by Fujita ( 1986) during the first two weeks of~growth. Also, total body fat 
reached peak values during thelsecond week in M. lucifugus, immediately before young 
began to fly. This is most likel;y attributable to an increased fat content and energy 
density ofmilk during mid-lactation in !vl /ucifugus (KUn.z et al., 1995). Fat levels 
typically peak at weaning during postnatal development in mammals (Pond. 1981 ). The 
increased thermoregulatory cos,ts incurred by the lack of fur (Hayssen. 1984) and the 
inability to effectively thennoregulate (Fujita, 1986) may lead to a slightly lower growth 
rate during the first, week in small temperate bats. Thus; maternal resources during the 
first two weeks of postnatal growth in At!. lucifugus are allocated tO\Yards body growth 
and pelage development to decrease thermoregulatory C(!)Sts. The end of the second week 
of postnatal growth marks a time of transition in M. /ucifugus, with I) a rapid transition 
phase from heterothermy to effective homeothermy (Fujit~ 1986), 2) the end of linear 
growth (Kunz & Anthony. 1982: Fujita. 1986), and 3) the onset of flight (Powers et al.. 
1991; Kunz & Anthony, 1996). 
Although body mass increased 12.4% from week two to weaning, neither body 
mass, total body water. nor total body fat significantly increased after the second week of 
postnatal growth. However, size of the GI tract, liver, and carcass compartments 
significantly changed during the postnatal period, suggesting that the lack of significance 
for the increase in body mass resulted from high inter-individual variation. Unlike data 
presented for pinnipeds (Boness & Bowen, 1996) and a neotropical bat Phyl/ostomus 
hastatus (Stem, 1996), final mass gain of young bats did not consist of fat. On the 
contrary. total fat decreased coincident with an increase in body mass at the time of 
weaning. 
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In addition, all mass-specific composition variables significantly changed 
following the second week of postnatal growth, including a 34% decrease in Fl. a 3% 
decrease in WC. and a 19% increase in %LDM. thus all three variables are the same as 
post-lactating adult values by the end of the fourth week after birth. Similar patterns of 
compositional change were observed in both the skin and carcass. but not in the GI tract 
or liver. An increase in %LDM during late lactation was also observed in A{votis velifer. 
possibly resulting from mineral replenishment following reproduction (Studier & Kunz. 
1995). Similarly, mineral content continues to increase during postnatal development in 
the fox squirrel (Sciurus niger: Havera, 1978). In the present study, WC declined linearly 
with age throughout the growth period. In contrast, WC of young J\4_votis daubemoni 
peaked during the third week post-partum (Webb, 1992). The decrease in Fl observed 
during the third week of postnatal growth may reflect the mobilization of fat reserves 
when young first begin to fly. 
The GI tract significantly increased in size after cessation of linear growth, with 
significant increases in total water, lean mass, and total fat. FI values peaked during the 
third week and %LDM values increased 67% during the fourth week of postnatal growth. 
Thus the GI tract continues to grow following the linear growth phase, and begins to 
reach a mature composition at the time of weaning. In contrast, the liver is 
compositionally mature at birth and only undergoes additional groWth in size when the 
young are "veaned; this is consistent with evidence suggesting most of the chemical 
development of the liver occurs during fetal life (Calow & Townsend, 1981 ). Because 
increases in liver size suggest higher levels•offood consumption and intermediary 
metabolism of proteins and lipids (Gammonley, 1995), these changes reflect the 
transition from milk to insects as young begin to feed independently. 
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:Carcass and skin contained 82% of the total fat Jiilass of the adult post-lactating 
female and 85% of weaned young. TBF and FI do not differ between recently weaned 
young and post-lactating females in Myotis lucifugus. This finding contrasts with data for 
rodents (Perrin. 1981) and three species of Myotis, inclu:ding M. lucifugus (Ewing et al.. 
1970: Kunz et al., 1998). However the data from the present study were collected from 
June -July. whereas E\ving et al. (1970) and Kunz eta!. (1998) collected data from 
August - September. These data may be complementary rather than contradictory and 
differences observed in the latter studies may reflect changes that occur as the result of 
pre-hibemal fattening. Adult females may have higher total body fat than adult males 
(Ewmg et al., 1970, but see Kunz et al., 1998). Although the present study can not 
compare adults, by the end of the linear growth phase, female young did have higher fat 
loads than male young in both carcass and GI tract. 
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2.5.4 , Body Composition and, Reproductive Strategies 
To reproduce successfully in the temperate zone, an animal must be able to 
maintain high growth rates during the short breeding season (Calow & Townsend, 1981 ); 
this is often achieved by increased fat reserwes. However, insectivorous bats cannot store 
large quantities of body fat, as they rely on small size and low wing~loading to maneuver 
and capture prey ( Rond, 1981; Norberg, 1982; Webb et al., 1992); for a short. broad-
winged bat such as .. \l. lucifugus, increased :wing-loading may resulti in a switch to open-
habitat foraging where energetic demands of flight are lower (Adams. 1997), but where 
insect prey abundance is also lower (Kalcounis & Brigham, 1995). Although bats cannot 
store fat reserves sufficient to meet the high costs of reproduction, these reserves are 
crucial for surviving short periods of energetic stress (such as cold weather or migration) 
and longer periods of reduced metabolic rate (such as hibernation). 
Temperate bats appear to meet reproductive costs primarily through increased 
foraging during lactation (Kunz, 1974; Anthony & Kunz, 1977). In addition. the timing 
of parturition and growth rate have been selected in M. lucifugus so that the highest 
energy demand (lactation) coincides with peak resource :availability (Anthony & Kunz, 
1977). Increased prey abundance allows the females to increase prey selectivity 
(Anthony & Kunz, 11977), and the increased food-storage capacity allo\vs increased total 
consumption. The low body mass of lactating females, despite the high insect availability 
and the use of diurnal torpor (Hughes & Rayner, 1993), suggests that energetic demands 
of lactation preclude the ability to deposit body fat. Because many small temperate bats 
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do not show increased body fat until pre-hibemal fattening (Krzanowski. 1964; Kunz et 
al.. 1998 ). wing-loading may be an important factor limiting the deposition of fat stores. 
Bats have evolved a variety oftraitsr which allow them a reproductive strategy 
similar to larger mammals (Bronson, 1989), including relatively long gestation and 
lactation periods. small litter sizes, and large neonatal masses (Hayssen & Kunz. 1996). 
Although the maximal growth rate of bats is similar to other small mammals (Millar. 
1977: Zullinger. 198~ ). young bats are weaned at over 90% adult linear size ( Kunz & 
Stem, 1995) compared to less than 50% in rtodents (Millar, 1977; Waterman. 1996) and 
70% in and birds (Klaassen. 1994). 
2.6 rCQNCLUSIO~S 
Body composition of an 'organism can be generally partitioned into three 
compartments: lean. water, and fat. Changes in the size and composition of each of these 
compartments. as \vel! as total body mass, can provide insight into many aspects of 
reproductive energetics. (n the present study, reductions in both lean dry mass and fat 
mass suggest mineral and fat stores are mobilized during lactation to maintain high 
gro\\1h rates in the young. ln addition, the increased size of the GI tract suggests 
lactating females may meet some of their reproductive costs by increasing food intake 
capacity. 
Most changes in body composition in young bats occurred after the first two 
weeks of postnatal growth. The stabilization of whole-body composition variables, 
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coincident with a reduction in WC and FI and an increase in %LDM suggest that by the 
end of,the second week of postnatal growth resources are re-allocated from growth to 
maintenance (thermoregulation and flight) in M. /ucifugus. 
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Figure 2-1: Postnatal Changes in Body Composition in Myotis lucifugus (TBF =Total Body Fat, LDM =Lean Dry Mass, 
TBW =Total Body Water). 0\ 
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Table 2-1: Correlation Matrix Between Body-Compartment Variables in M_1.:otis lucifugus 
(LDM =Lean Dryr Mass, LBM= Lean Bod[y Mass, %LDM= Percent Lean Dry Mass, 
TBW= Total Body Water, WC=Water Content, TBF=Total Body Fat, FI=Fat Index). 
Combined 
LBM 
%LDM 
TBW 
we 
TBF 
FI 
Adult 
LBM 
%LDM 
TBW 
we 
TBF 
FI 
Young 
LBM 
%LDM 
TBW 
we 
TBF 
FI 
* p < 0.05 
**P<O.Ol 
LDM LBM 
0.99 ** 
0.64 ** 0.53. 
0.98 ** 0.99 ** 
-0.75 ** -0.71 ** 
0.80 ** 0.84 ** 
-(]).22 -0.13 
LDM LBM 
0.93 ** 
-0.42 * -0.70 ** 
0.89 ** 0.99 ** 
0.24 0.38 
0.45* 0.59 ** 
0.17 0.34 
LDM LBM 
0.97 ** 
0.37 ** 0.15 
0.95 ** 0.99 ** 
-0.90 ** -0.84 ** 
0.84 ** 0.92 ** 
0.39 0.54 ** 
%LDM TBW we TBF 
0.49 ** 
-0.60 ••. 
-0.69 ** 
0.19 0.85 ** -0.79 ** 
-0.68 ** -0.10 -0.13 0.36 ** 
%LDM TBW we TBF 
-0.75 ** 
-0.19 0.40 * 
-0.81 ** 0.61 ** -0.37 
-0.75 ** 0.37 .;.0.49 * 0.94 ** 
%LDM TBW we TBF 
0.07 
-0:40 ** -0.80 ** 
-0.07 0.93 ** -0.82 ** 
-0.56 ** 0.59 ** -0.42 * 0.79 ** 
Table 2-2: Differences in Body Compartments between1Adult and Young lvfyotis 
lucifugus (mean± SD). 
Body Compartment Adult Young t value 
(n=24) (n=32) 
Lean Dry Mass (g) 2.18 ± 0.15 1.03 ± 0.36 16.39 ** 
Percent Lean Dry Mass ' 24.06 ± 1.16 21.65 ± 1.74 6.20 ** 
Lean Body Mass (g) 8.48 ± 0.81 4.37 ± 1.31 14.43 ** 
Total Body Water (g) 6.30 ± 0.67 ! 3.34 ± 0.97 12.80 ** 
Water Content 69.12 ± 1.07 71.34 ± 2.28 4.83 ** 
Total Body Fat (g) 0.63 ± 0.16 I 0.36 ± 0.20 5.49 ** 
Fat Index ,, 0.31 ± 0.07 0.39 ± 0.12 3.44 ** 
** p < 0.01 
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Table 2-3: Changes in Body Composition of Adult Females and During Postnatal Growth in Young on Body Composition in 
Female My(!tis lucifugus (LDM =Lean Dry Mass, LBM= Lean Body Mass, %LDM= Percent Lean Dry Mass, TBW= Total 
Body Water. WC=Water Content, TBF=Total Body Fat, FI=Fat Index). Different superscripts denote statistically significant 
value at p < 0.05. 
ADULT (Female) n TBM-(g) TBW (g) we LDM (g) LBM (g) %LDM TBF (g) FI 
Early pregnancy 6 8.72 a 6.()2 a 0.69 a 2.07 a 8.10 a 23.92 a 0.62 a 0.32 1 
Late pregnancy 7 9.67 a 6.69 a 0.69 a 2.29 a 9.98 a 23.72 II 0.69 a 0.32 1 
Lactating 12 9.10 a 6.29 a 0.69 a 2.20" 8.49• 24.19 a 0.61 a 0.30 1 
Post -lactating 1 8.10 1 5.60 1 0.69 1 2.07a 7.67 1 25.55 a 0.43 1 0 23 I 
----
L_ ._ 
YOUNG n TBM (g) TBW (g) we LDM (g) LBM (g) %LD TBF (g) FI 
(Sexes Combined) M 
~ 
- - -
Week one 16 3.44 1 2.51 a 0.73 1 0.72 a 3.23 1 21.17 a 0.21. 0.35• 
Week two 6 5.70 b 4.01 h 0.71 b 1.17 b 5.18 b 20.57 a 0.52 h 0.51 b 
Week three 5 6.00b 4.19 b 0.70 b lJOb 5.49 b,c 21.75 a 0.51 b 0.43 a.b 
Week four or greater 5 6.41 b 4J6b 0.68c 1.56 b 5.93 c 24.40 b 0.48b 0.34 1 
----- -- --
I 
I 
0\ 
0\ 
Table 2-4: Proximate Composition of Different Organs in Adult Myotis lucifugus During Pregnancy and Lactation (LDM = 
Lean Dry Mass, LBM= Lean BodyMass,-%bDM= Per{;ent Lean Dry Mass, TBW= Total Body Water, WC=Water Content, 
TBF=Total Body Fat, Fl=Fatlndex). Different superscripts denote statistically significant value at p < 0.05. 
ADULT (Females) 11 TBW (g) we LDM (g) LBM (g) %LDM TBF (g) Fl 
Skin 26 0.66 a 0.55. 0.41 it 1.07 il 35.45" 0.13 a 0.31 a 
Liver 26 0.34 b 0.70 b 0.11 b.d 0.45" 22.95 b 0.04 b 0.34. 
GI Tract 26 0.46 J,h 0.76' 0.09 b 0.55 h - -- 1-4-:-6<F 0:-06h 0.70 b 
Carcass 26 3.14 ( 0.65J 1.34 t 4.48 r 27.75 ,J 0.37 c 0.28. 
Repro. Tract 6 1.25 J 0.83c 0.22 ,J 1.48" 13.84 c 0.06 b 0.25. 
Mammary Gland 13 0.18 b 0.66b 0.05 b 0.23 b 19.48 b 0.04b 0.82 b 
L___ ___ 
---
YOUNG (Sexes n TBW (g) we LDM (g) LBM (g) %LDM TBF (g) FI 
Combined) 
Skin 32 0.65 a 0.66" 0.25 a 0.89 1 25.07" 0.10 a 0.39 .. 
Liver 28 0.13 h 0.74 h,c 0.03 b 0.16 h 17.12 b 0.02 b 0.84 a 
GI Tract 27 0.26 b 0.77 b 0.03 b 0.22 b 10.58 c 0.03 a 1.66 b 
Carcass 32 2.64 ,. 0.71 c 0.57 t 2.42 ,. 21.14 .. 0.21 ,. 0.36 a 
----
0'1 
-....1 
Table 2-5: Proximate Composition of Skin in Adult Female and Young Myotis lucifugus (LDM =Lean Dry Mass, LBM= 
Lean Body Mass, o/oLDM= Percent Lean Dry Mass, TBW= Total Body Water, WC=Water Content, TBF=Total Body Fat, 
FI=Fat Index). Different superscripts denote statistically significant value at p < 0.05. 
ADULT (Female) 11 TBW (g) we LDM (g) LBM (g) %LDM TBF (g) Fl 
Early pregnancy 6 0.88 ~ 0.59 01 0.45 1 1.33 il 30.39 il 0.14 il 0.32. 
Late pregnancy 7 0.64 h 0.55 ;a,b 0.4) 1 1.05 b 35.66 ~ 0.14 il 0.34. 
Lactating 12 0.56 b 0.53 h 0.40 1 0.96 b 37.75 il 0.11 a 0.29 1 
Post-lactating I 0.47" 0.49" 0.38 a 0.85 b 39.17 a 0.10 il 0.28 1 
---
YOUNG n TBW (g) we LDM (g) LBM (g) %LDM TBF (g) Fl 
Week one 16 0.62. 0.72 a 0.19 1 0.81 u 21.93 1 0.07 a OJ6• 
Week two 6 0.77 a 0.63 b 0.29 b 1.07 b 24.29 1 0.15 h 0.50 b 
Week three 5 0.67 a 0.6) h,c 0.30 b 0.97 a,h 27.42 ;a,b 0.13 b 0.42 a.b 
Week four and greater 5 0.57. 0.56 c 0.33 b 0.90 a,h 33.72 h 0.11 •. h 0.32 a 
--
I 
I 
I 
0\ 
00 
Table 2-6: Proximate Composition of the GI Tract in Adult Female and Young Myotis lucifugus (LDM =Lean Dry Mass, 
LBM= Lean Body Mass, %LDM= Percent Lean Dry Mass, TBW= Total Body Water, WC=Water Content, TBF=Total Body 
Fat, FI=Fat Index). Different superscripts denote statistically significant value at p < 0.05. 
ADULT (Female) n TBW (g) we LDM (g) LBM (g) %LDM TBF (g) FI 
Early pregnancy 6 0.44 d,b 0.77 a 0.08 a 0.51 a,b 13.96 .. 0.06.1 o.so• 
Late pregnancy 7 0.37 a 0.76 a 0.07. 0.44 a 15.04 a 0.04 a 0.64. I I 
Lactating 12 0.53 b 0.76" 0.10 a 0.63 b 14.69. 0.07. o.11 • I 
Post-lactating 1 0.42 d,h 0.75 a 0.09" 0.51 a,h 16.73 a 0.04 11 o.41 • I 
-- --
YOUNG n TBW (g) we LDM (g) LBM (g) %LDM TBF (g) FI 
I 
Week one 11 0.10 a 0.77 a 0.02 i 0.11 a 12.45 a 0.02 a 1.28. 
Week two 6 0.23 h 0.79 a 0.02 a 0.25 b 7.79 b 0.04 b 1.86 a 
Week three 5 0.24 b 0.77 a 0.03 a 0.27 b 7.62 b 0.05 b 3.05. 
Week four and greater 5 0.34 h 0.76 a 0.06b 0.39 ( 12.76 a 0.05 b 0.90" 
0'1 
\0 
Table 2-7: Proximate Composition of the Liver in Adult Female and Young A~votis lucifugus (LDM =Lean Dry Mass, LBM= 
Lean Body Mass, %LDM= Percent Lean Dry Mass, TBW= Total Body Water, WC=Water Content, TBF=Total Body Fat, 
FI=Fat Index). Different superscripts denote statistically significant value at p < 0.05. 
ADULT (Female) n TBW (g) we LDM (g) LBM (g) %LDM TBF (g) FI 
Early pregnancy 6 0.32. 0.71 I O.IOa 0.41 • 21.53 I 0.03. 0.40 1 
Late pregnancy 7 0.32 ~ 0.70" 0.11 I 0.43il 23.48 a 0.03. 0.32 1 I 
Lactating 12 0.35 .• 0. 70" 0.12 a 0.47" 23.46 ~ 0.04. 0.33 a I 
post -lactating 1 0.32 a 0.70" 0.10 i1 0.43il 22.66. 0.03. 0.33 1 I ...__ 
-
YOUNG n TBW (g) we LDM (g) LBM (g) %LDM TBF (g) Fl 
I (Sexes Combined) 
~ 
Week one 12 O.JOil 0.77 a 0.02 1 0.13 I 16.02 il 0.01 1 0.88 a 
Week two 6 0.10 il 0.70 a 0.03 i1 0.12 I 17.24 I 0.02 a 1.13 • I I 
Week three 5 0.15 a,b 0.70 ~ 0.03 I 0.19 a 16.40 ~ 0.02 ~ 0.76 i1 
Week four and greater 5 0.20 h 0.70 ~ 0.06 b 0.26 b 20.33 ~ 0.03 h 0.48" 
--- '---- --
....... 
0 
Table 2-8: Proximate Composition of the Carcass in Adult Female and Young Myotis lucifugus (LDM = Lean Dry Mass, 
LBM= Lean Body Mass, %LDM= Percent Lean Dry Mass, TBW= Total Body Water, WC=Water Content, TBF=Total Body 
Fat, FI=Fat Index). Different superscripts denote statistically significant value at p < 0.05. 
ADULT (Female) n TBW (g) we LDM (g) LBM (g) %LDM TBF Fl 
(g) 
Early pregnancy 6 3.01 il 0.65. 1.26 1 4.27" 27.23. 0.38 a 0.29. 
Late pregnancy 7 3.18 il 0.65 a 1.35 11 4.53. 27.40 a 0.41 • 0.30 1 
Lactating 12 3.22 il 0.65 il 1.38 a 4.60 il 27.95" 0.36 a 0.26 A 
Post-lactating_ 1 2.71 • 0.63" 1.31 I 4.02 J 30.73" 0.25 o1 0.19 1 
YOUNG n TBW (g) we LDM (g) LBM (g) %LDM TBF Fl 
(Sexes Combined) (g) 
--- . 
Week one 16 1.34 il 0.74 a 0.35 a 1.69 a 19,57 I 0.12 11 0.32. 
Week two 6 2.18 b 0.70 b 0.66 b 2.84 b 2l.Olb 0.31 b 0.46b 
Week three 5 2.38 b,c 0.69 b 0.78 h 3.16 b.c 22.63 b 0.31 h 0.39 a,b 
Week four and greater 5 2.58 l 0.67 h 0.95 ,. 3.53 l 24.82 c OJOh 0.32" 
...._, 
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CHAPTER THREE 
VALIDATION OF TOTAL BODY ELECTRICAL CONDUCTIVITY (TOBEC) 
FOR ESTIMATING BODY COMPOSITION 
3.1 ABSTRACT 
Solvent extraction and total body electrical conductivity (TOBEC) were used to 
estimate the body composition of little brown bats, Myotis lucifugus (Chiroptera: 
Vespertilionidae). In a sample of60 individuals, TOBEC measurements explained a 
large portion of the variation in total body water (81 %) and lean dry mass (87%). but was 
less effective at explaining variation in total body fat (46%). In general, body mass and 
body shape explained more variation in body composition than TOBEC indices. TOBEC 
measurements made using the SA-3000 analyzer (Em-Scan) were significantly influenced 
by extremes in subject body temperature. as well as by aluminum and incoloy wing 
bands. This study also presents a new method of restraint particularly suited for small 
birds and mammals that increases TOBEC measurement precision. The predictive 
equations ofyoung bats had a much higher level of explained variation but similar levels 
of percent error than models for adult females. Further, mass-specific body composition 
models (water content, fat index, and percent lean dry mass) had lower explained 
variation and higher percent error than mass-independent compartments (total body 
water, total body fat, and lean dry mass). 
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3.2 fNTRODUCTION 
Body composition can be an important parameter in physiological and ecological 
studies. In particular, body composition can be used to assess nutritional status and 
energy budgets of individuals, which in turn may be used to evaluate patterns of parental 
effort and resource allocation. Changes in body composition can also be evaluated in the 
context of an animal's life history as well as with respect to the role of environmental and 
resource variation in the ecology of an individual or a population. Although analysis of 
body composition can encompass different components, body mass is generally 
partitioned into lean body mass, water mass, and fat mass. The two main types of body 
composition analysis are condition indices (mensural characters used to estimate body 
composition ofliving animals) and direct analysis (destructive sampling such as solvent 
extraction). 
Condition indices have been extensively used with birds (Woodall, 1978; Iverson 
& Vohs. 1982; Johnson et al.. 1985; Ringelman & Szymczak, 1985; K.rementz & 
Pendleton, 1990; Ormerod & Tyler, 1990; Conway et al., 1994; Asch & Roby, 1995; 
Spengler et al., 1995; Dawson & Bertolotti, 1997) and large mammals (Chan-McLeod et 
al., 1995; Gerhart et al., 1996; Oullet et al., 1997), but not for small mammals. The use 
of condition indices is limited for several reasons: 1) fat depot indices, commonly used in 
birds, are not applicable for mammals because of differences in anatomical distribution of 
fat in birds and mammals (Pond, 1978); 2) indices that assume a constant body 
composition require separate analysis for reproductive individuals (Chan-McLeod et al., 
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1995); and 3) an condition index method cannot be used on growing animals if multiple 
indices are required and those indices change at different rates (Baber & Coblentz, 1987, 
Ormerod & Tyler, J 990). Moreover, condition indices l) falsely assume a constant body 
composition or lean mass (Ringelman & Szymczak, 1985); 2) show low inter-observer 
reliability (Hilderbrand et al., 1998): and 3) are used for predictive purposes despite the 
fact that their relationship to body composition cannot be derived from theoretical models 
nor do the index values have a bivariate distribution (VanderMeer & Piersma. 1994). 
Although fat extraction and dehydration (direct analysis) are more appropriate for 
estimating body composition, they require sacrificing animals. For studies addressing 
body composition of natural populations, one would be: forced to sacrifice an excessive 
number of individuals to obtain adequate samples at each life history stage, and this is 
inappropriate for many species,'1 ~specially those which are threatened or endangered. 
However, new non+destructive techniques have been developed in recent years that 
potentially have the accuracy and precision .of direct analyses and can be used repeatedly 
on the same individuals without harm. 
These non-destructive methods rely .on estimates of body density, isotope dilution. 
infrared interactance, in vivo neutron activation, ultrasot,md analysis• bioelectrical 
impedance, or bioelectrical conductivity (Pierson & Stack, 1988). Densitometry is 
currently impractical for studying natural populations ofwi1d mammals (Cohn et al., 
1981 ). Isotope dilution requires expensive and time-conswning laboratory analysis 
(particularly for potassium dilution), and, in the case of deuterium dilutio~ can be 
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inaccurate for measuring both lean body mass and total body fat in obese individuals 
because of a shift in the hydrogen-to-oxygen dilution space ratio (Westerterp et al., 1995 ). 
Published research on infrared interactance and in vivo neutron activation are limited to 
clinical trials with humans (Cohn et al., 1974; 1984; Conway et al., 1984). and ultrasound 
analysis appears to be limited to analyzing total body fat arid is currently not accurate 
enough to replace either condition indices or proximate analysis (Baldasarre et al., 1980). 
Bioelectrical impedance and bioelectrical conductivity have been used in field 
applications with some success (Segal et al.+ 1985; Lukaski et al., 1994, Hilderbrand et 
al., 1998). 
Both bioelectrical impedance and conductivity are based on the Harker Principle: 
a radialing subject placed within a solenoid' alters the electromagnetic inductance of the 
coil (Walsberg, 1988; Castro et al.. 1990). This change can be measured by passing a 
current signal through the coil and monitoring the change in electric impedance 
(bioelectric impedance) or electrical conductivity (TOBEC). The conductivity of a 
biological sample is primarily a function of total body electrolytes which are distributed 
throughout the lean tissue of an organism. Because bone and lipid do not contain 
appreciable amounts of water or electrolytes. they do not significantly contribute to 
overall conductivity (Fiorotto et al., 1987; Boileau, 1988). TOBEC devices use low 
frequency current (2.5- 5.0 Mhz) to maximize the lean tissue:fat conductivity ratio 
(Harrison, 1987). 
TOBEC systems have potential limitations. Because conductivity is temperature-
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dependent. variation in either ambient temperature (Klish et al., 1984; Roby, 1991) or 
body temperature (Walsberg, 1988; but see Roby, 1991) can affect TOBEC estimates. 
Also, the electromagnetic field generated by the solenoid is highly sensitive to changes in 
body shape (deviations from the ideal cylindrical shape of the chamber) resulting from 
subject movement or species differences. Moreover, some studies suggest that metallic 
identification bands and other foreign objects can alter conductivity (Skagen et al., 1993; 
but see Castro et al.. 1990; Roby, 1991; Osborne et al., 1997). This paper presents the 
results of a validation study on body composition in Myotis lucifugus as predicted by 
TOBEC indices. Although species-specific TOBEC indices exist for some rodent species 
(Bachman. 1994; Froncisz et al., 1994; Zuercher et al., 1997), published indices for bats 
are not available. 
3.3 MATERIALS AND METHODS 
3.3.1 Determining the Effect of Warm-Up Time 
To establish the amount of time needed for the TOBEC system (Em-Scan Model 
SA-3000 base unit; 3035 measurement chamber) to produce a stable electromagnetic 
field, three calibration measurements were made at IS-minute intervrals for six hours 
using the field-verification standard ('phantom') provided by the manufacturer. Coil 
warm-up time was regressed against the mean E-score (conductivity measure) to 
determine the minimum time to establish an :E-score independent of warm-up time. The 
TOBEC system was operated either at a field station (Boston University, Sargent Camp) 
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or a laboratory (Boston University) to reduce potential effects of ambient temperature and 
wind. Efforts were made to electrically isolate the TOBEC system by using circuits 
isolated from power surges created by electrical appliances (e.g. refrigerators and heaters) 
and other devices (e.g. computers and printers) that intermittently drew power. 
3.3.2 Determining the Effect of Body Temperature Variation 
A lactating adult female A{votis lucifugus (8.90 g) that had been previously 
euthanized and frozen was used to test the effect of body temperature (Tb) on TO SEC-
generated scores (E-scores). Body temperature was monitored using a rapid-reading 
rectal thermometer (Miller & Weber. Inc .• New York) before and after each set of 
TOBEC measurements. TOBEC measurements were made as the subject warmed up 
from 2:C to room temperature (:!O:C). The subject was then warmed in a convection 
oven to 42°C and re-tested as it cooled adiabatically. The Tb before each reading was 
plotted against the mean E-score. and regression analysis was performed on the data to 
determine the range where theE-score was independent ofTb(where the slope= 0.0). 
3.3.3 Effect of Subject Orientation and Foreign Objects 
Three live adult female bats captured at the Carr colony (Peterborough. New 
Hampshire) and two dead individuals in the laboratory were used to determine whether 
body alignment had any effect on E-scores. These bats were tested in both dorsal and 
ventral orientations, relative to the bottom of the sampling chamber, and the mean E-
scores were compared using a two-way analysis of variance (ANOVA) for repeated 
measures (Sokal & Rohlf, 1981 ). 
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To minimize the effect of subject movement oflive animals, non-conductive latex 
finger cots were used as restraining sleeves. The sleeves were expandable in size, 
allowing us to place the subject within the sleeve while restricting movement. To 
determine whether wing bands or restraining sleeves had any effect on conductivity, 
plastic split-ring bands (A.C. Hughes, Ltd.), aluminum wing bands (U.S. Fish & 
Wildlife), and incoloy bands (Lambournes, Ltd.) were placed in an empty chamber, with 
and without a restraining sleeve. To verify the transparency of bands and restraining 
sleeves with a subject in the chamber, similar measurements were made on each dead bat 
prior to fat extraction. Both sets of data were analyzed using a repeated measures 
ANOVA to test for main effects ofband. sleeve, and subject, as well as possible 
interactions between these variables. 
3.3.4 Generating Predictive Equations 
To generate a species-specific curve for Myotis lucifugus, 60 individuals (26 adult 
females, 15 young females, and 19 young males) were captured at the Carr colony 
between 0500 and 0700 from 16 June to 25 July, 1995. Individuals were banded using 
either incoloy (Larnboumes, Ltd.), plastic split-ring (A.C. Hughes, Ltd.), or metal (U.S. 
Fish and Wildlife Service) forearm bands. Bats were transported to the field station 
where each was measured. Mensural characters included gender, body mass (TBM), 
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length of forearm (FOREARM), body mass index (BMI: TBMIFOREARM), and body 
shape (TBM x FOREARM). Reproductive condition of adult females was assigned as 
early pregnancy (captured from April to micd-June before fetus was detectable by 
palpation), late pregnancy (second half of pregnancy when palpation is reliable), 
lactating, or post-lactating (Racey, 1988). Adult females captured after the parturition 
period had begun, and not showing any signs of pregnancy or lactation, were assigned as 
non-reproductive. Bats were categorized into two age groups; young-of-the-year 
('young') and adult. For young: bats, total length of epiphyseal gap of the fourth 
metacarpal of the right wing was measured to the nearest 0.02 nun by placing the 
outstretched wing an a dissecting microscope and viewing the transilluminatedjoint with 
an ocular micrometer. Age of young bats was estimated using equations for length of 
forearm and total length of epiphyseal gap (Kunz & Anthony, 1982); Bats were then 
placed together in cloth bags until TOBEC measurements were made. Although gut 
contents have been shown not to introduce significant error in body composition 
estimates (Voltura & Wunder, 1998), all TOBEC measurements were made after 1300 h 
when most of the material had been voided. 
TOBEC analysis consisted of taking hath empty chamber and reference 
measurements before and after seven consecutive subject readings. An index of lean 
mass (Ilm) 
Urn = (S - E)IR, (Equation 3-l) 
was calculated, where S =trimmed mean using the average of six of seven subject 
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readings by eliminating the measurement that had the largest absolute value when 
subtracted from the untrimmed mean, E = mean empty chamber measurement, and R = 
mean reference or ·phantom' measurement (Walsberg, 1988; Castro et al., 1990; Skagen 
et al., 1·993). The trimmed mean method was chosen in· order to have minimize the 
influence of erroneous readings that occassionally occurred due to the electrical 
sensitivities of the TOBEC system. By standardizing the removal of the measurement 
with the largest absolute error, precision was improved without creating a between-
subject differences in total measurements. From this value, a condition index was also 
calculated 
cr ::::: sqrt (lim) • forearm (Equation 3-2) 
in order to compare1 our methodology with the method of Presta et al. ( l983b). 
After TOBEC analysis. bats were euthanized, placed in Whirl-pac·S; plastic hags. 
and stored on dry ice while they, were transported to the !laboratory freezer in Boston. 
Laboratory analysis! on these individuals was conducted ·from 17 November 1995 to I 7 
June 1996. To determine body composition!, individual bats were allowed to thaw 
passively inside individual bags: The temperature of the body was raised to between 
30°C and 37°C using a convection oven (60°C) before taking a second set ofTOBEC 
measurements. 
Body composition of each bat was calculated by separating total body mass 
(TBM) into wet mass, dry mass; and lean dry mass in order derive total body fat (TBF), 
total body water (TBW), and lean dry mass (LDM). In addition, lean body mass was 
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determined by subtracting total body fat from body mass (TBM- TBF). To determine 
body composition~ individual bats were allowed to thaw passively inside individual bags. 
Analysis ofbody composition was performed by modifying the procedure of Pierson & 
Stack ( 1988) as follows. Bats were dissected to separate the body into as many as six 
organ compartments: skin, liver, gut, reproductive tissue (for pregnant females: fetal and 
uterine tissue), mammary gland (for late-pregnant and lactating females), and carcass. 
Each compartment, was weighed using a Mettler AE-50 precision balance (± 0.05 .ug) 
and oven-dried at 60"C to a constant mass and re-weighed. Total water (g) of each 
compartment was calculated by subtracting final mass (dry mass) from pre-dried mass 
(wet mass). Water content (WC) was calculated by dividing total Wiater by wet mass (g. g 
wet mass *100). 
To obtain lean dry massl. each sample was transferred to a pre-dried paper pouch 
(tea bag) and fat was extracted using a Soxhlet apparatus with ethyl alcohol and 
petroleum ether (3:1) with a 45-min flux-cycle. Each sample was fluxed for 11-13 cycles 
per day for two da~s (extraction solvent was replaced each day), placed into a convection 
oven at 60°C for 24 hours. re-soaked in extraction solvent for 8 h, and returned to the 
convection oven for 24 h before being re-weighed. The difference between dry mass and 
lean dry mass was considered total body fat(TBF). A fat index (FI) was calculated by 
dividing total fat by lean dry mass (TBFILDM). Percent lean dry mass 
(%LDM=LDMITBM*IOO) was1 also calculated. All mass losses prior to drying were 
assumed to be due to post-mortem evaporative water loss during freezing and re-warming 
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of the subject and from fluid loss during dissection .. 
3.3.5 Statistical Analysis 
Although TOBEC indices were used as the independent variable by Asch & Roby 
( 1995), direct analysis is more accurate and thus is the appropriate independent variable 
for regression analysis (Castro et al., 1990; Skagen et al., 1993; Fischer et al., 1996 ). 
Each body-composition variable was used separately as the independent variable in a 
forward-selection stepwise multiple regression analysis using mensural variables and 
TOBEC indices to generate predictive equations. 'TOBEC' models were created by 
using mensural variables that were significantly correlated with the residuals of a simple 
regression containing either CI or Ilm in a forward-selection stepwise multiple re5Tession. 
The best model for each compartment variable, whether or not it contained a TOBEC 
index, was termed a ·combined' model. 
Studentized residuals of all regressions were examined for potential outliers using 
the INFLUENCE option. The residuals from all regressions were plotted against 
predicted values to detect unequal variances. All statistical analyses were performed 
using the SAS statistical package (SAS Institute, 1990). Preliminary regression analysis 
revealed that four individuals were outliers due to large residuals (studentized residuals> 
3.0). Because these outliers had significantly higher mass losses during dissection than 
non-outlier subjects (t=3.91 p< 0.05), they were removed from all further analyses. 
Removal of these outliers did not qualitatively change the regression equations, but 
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increased the correlation coefficients up to 30%. Preliminary analysis revealed no 
differences between male and female young bats in any compartment. so these data were 
pooled for all subsequent analyses. 
Whenever significant differences were attributable to adult status, three models 
were created for each compartment 1) a combined model for both adult and young, 2) an 
adult model, and 3) a young model. Precision ofthe TOBEC system (intra-individual 
error) was measured by calculating the coefficient of variation (CV) for each subject 
(Sokal & Rohlf. 1981 ). To determine the accuracy of the predictive equations, predicted 
values for each subject were regressed against measured values and the slope and y-
intercept compared to null model regressions using 1.00 and 0.00, respectively (Sokal & 
Rohlf. 1981 ). Further, percent error of the predicted variable was measured using the 
equation of Zuercher et al. ( 1997): 
(~)(!measured value -predicted valuelf measured value) x 1 00))/n (Equation 3-3) 
3.4 RESULTS 
3.4.1 Measurement Protocol 
3.4.1.1 Field Stabilization 
Phantom readings increased linearly for the first 120 minutes before becoming 
independent of time by 180 minutes; after 240 minutes, no further measurement intervals 
were significantly different (Figure 3-1 ). Based on these data, the Em-Scan unit was 
powered up at least four hours prior to taking measurements. 
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3.4.1.2 Subject Orientation 
The effect of orientation did not differ between live individuals measured in the 
field and dead individuals measured in the lab, so the data were pooled. Subjects placed 
on their ventral surface had higher E-scores and lower standard errors than when placed 
on their dorsum (F=l8.58, p < 0.001: Figure 3-2). Because ventral orientation was more 
conducive for sampling unanesthetized subjects, and because of the lower variation and 
higher signal-to-noise scores, further measurements were conducted with bats in this 
orientation. 
3.4.1.3 Wing Bands and Restraining Sleeves 
When measured within an empty subject chamber, aluminum bands supplied by 
the U.S. Fish and Wildlife Service significantly increased E-scores by 18.2 units. [ncolov 
bands decreased E-scores by 13.4 units. Neither plastic split-ring bands nor the 
restraining sleeves had any effect onE-scores (Figure 3-3). When measured with bats in 
the sample chamber, metal bands decreased E-scores 152.1 units and restraining sleeves 
decreased E-scores 73.6 units (Figure 3-4). These effects were independent of body 
mass, adult status, or sex. The effect of incoloy bands and plastic split-ring bands was 
not tested with subjects in the chamber because these bands were not used on any bats 
banded in this study. 
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3.4.1.4 Body Temperature 
Temperature had no effect onE-score in the range of21 ~c to 3T=c recorded in 
the present study. However. below and above this range. E-score increased (Figure 3-5 ). 
By allowing bats to cluster and by conducting all TOBEC measurements in the early 
afternoon. I was able to mainta~n body temperature above 20°C (typically around 31 'C) 
for all subjects. 
3.4.2 TOBEC Precision and Accuracy 
This study had an overall intra-individual variation (measurement error) of 3.82~ ''-
\V'hen one restricts the TOBEC analysis to adults, the subject CV was 2.35%. The higher 
error from the combined analysis was due to the significantly higher error for young bats 
relative to adults (mean CV=6.42% and 2.35%. respectively: t=6.1-l. p< 0.0001 ). This 
was caused by the significantly higher mean CV for young less than 6.0 g (14.34%. p < 
0.0001) as the mean CV for larger young was similar to. the adult mean CV (2.91 °'o. p -· 
0.43). Accuracy of the predictive equations varied by body compartment and by the type 
of model. 
TOBEC models had prediction errors ranging from 1.41% (TBW) to 8.54~'o 
(%LDM) for lean and water compartments .. The error for the fat compartment, both TBF 
(20.10%) and FI (21.93%) was much higher (Table 3-3). Combined models had similar 
levels of prediction error, although there was no significant model for FI (Table 3-2). 
Using separate adult and young1 models resulted in similar or lower prediction errors for 
all three compartments. 
3.4.3 Body Composition 
3.4.3.1 Total Body Water 
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The relationship between measured and predicted TBW and WC is shown in 
Figure1J-6 and Figure 3-7. respectively. Although TBW predictions had no error bias. 
both the slope and the ¥-intercept ofthe we equation were significantly different from 
the null regression model (Table 3-1 ). This1 reflected the inability to accurately predict 
WC in adults because ofthe lack of an adult-specific regression model. The best TBW 
model for adults was a single variable model using TBM (R~0.98, Table 3-4) whereas 
the best model for young bats used TBM and AGE (R~.99, Table J-5). The best 
combined model showed that condition index (CI) and TBM were highly corrclatcc.l with 
TBW (iR!=Q.99. Table 3-3). whereas both CI and Ilm (both TOBEC indices) were 
significantly related to WC (R2=0.57, Table 3-3). The model was improved by removing 
both TOBEC indices and using SHAPE and BMI (R~.68, Table 3-2). Although no 
variables were correlated with WC of adult bats, SHAPE was a good predictor of WC in 
young bats (R2=0.T7. Table 3-5). 
3.4.3.2 Lean Mass 
The relationship between measured and predicted LDM, LBM, and %LDM is 
shown in Figure 3-8, Figure 3-9, and Figure 3-10, respectively. Again, predictions for 
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LDM and LBM had no error biases, but both the slope and the Y -intercept of the %LDM 
equation were significantly different from the null regression model (Table 3-1 ). All 
comparisons of compartmental prediction errors between adults and young were non-
significant except for lean body mass, where the prediction error for young was over 
twice the adult value (2.83% vs .. 1.14%, respectively, p < 0.003 ). The best models for 
both the adult LDM and LBM were single variable models using TBM (LDM R2=0.80 
and LBM R'-0.98, Table 3-4), whereas the best model for the young bats used BMI. 
SHAPE, and AGE for LDM (R2=0.98, Table 3-5) and BMI and SHAPE for LBM 
(R2=0.99, Table 3-5). For the combined model using TOBEC indices, CI, and TBM were 
reliable estimators of LDM (R' -0.97, Table !3-3) whereas CI and SHAPE were reliable 
estimators ofLBM (R2=0.99, Table 3-3). The best combined model for both LDM and 
LBM used both BMI and SHAPE (LDM R'=0.98, LBM R2=0.99: Table 3-2). TBM \\as 
the only variable significantly correlated with %LDM in ladults (R2=0.56, Table 3-4 ). 
whereas BMI. FORE. SHAPE. and AGE were significant in the young model (R2 -=!1.6~. 
Table 3-5). SHAPE, TBM, and BMI were also significant in the combined model 
(R2=0.59, Table 3-2). The best TOBEC combined model contained Ilm and BMI 
(R2=0.48, Table 3-3). 
3.4.3.3 Total Body Fat 
The relationship between measured and predicted TBF and FI is shown in Figure 
3-11 and Figure 3-12, respectively. Individuals with high TBF values were 
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overestimated whereas individuals with low FI values were underestimated. The best 
model for adults was a single variable model using BMI (R.!=0.51. Table 3-4), whereas 
the best model for young bats used TBM and AGE (R'-0.93, Table 3-5). The best 
combined model contained TBM, SHAPE, and CAPDATE (Rl::O. 76. Table 3-2), 
whereas the combined model using a TOBEC index contained CI, TBM, and CA.PDATE 
(R2=0.7I. Table 3-3). BMI was the only variable significantly correlated with Fl in 
adults (R'-0.24, Table 3-4), whereas both TBM and AGE were significant in the young 
model (R.!=0.71, Table 3-5). The only significant variables in the combined model were 
TBM and Ilm (R.!=O.l4. Table 3-3). 
3.5 DISCUSSION 
3.5.1 Measurement Protocol 
The value ofTOBEC technology for the measurement of body composition has 
been well established, although several methodological issues warrant further evaluation. 
The use of manufacturer's recommended warm-up time (2.5 hours: Em-Scan. 1993 l for 
the 3035 measurement chamber was not sufficient for reliable measurements in the 
present study. Although the measurements were independent of time after three hours. 
we found significant variation between measurements occurred until the chamber had run 
for four hours. The TOBEC system is sensitive to environmental variables such as 
ambient temperature and wind (Roby, 1991) as well as subject body temperature 
(Williams et al., 1997). Thus, the protocol for the present study eliminated variation in 
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wind and controlled variation in both ambient and subject body temperature. Although 
not statistically tested. power quality appeared to have a strong intluence on the precision 
of the Em-Scan device. In particular, energy surges (from devices such as refrigerators. 
computers, and coffee machines) appear to have the potential to affect the precision of 
recorded measurements. The Em-Scan device is sensitive to environmental variables 
because of its high precision; the similar ACAN device1(Techmex Int'l, Krakow. Poland) 
is less ,sensitive, but also less precise (Zuercher et al., 1997}. 
Although "[QBEC measurements may be independent of moisture-free solids such 
as bands and radiotags (Castro et al., 1990; Roby, 1991: Schoech. 1996; Osborne et al.. 
1997),, these results and those ofSkagen et al. (1993) suggest that some objects can affect 
electrical conductivity. Thus each study shcl>uld determine the conductivity of any 
marking device used as part of their research protocol. :rhese results also suggest that 
conductivity measurements of small objects in an empty TOBEC measurement chamber 
may not accurately reflect the impact of these devices when placed on a subject hc~ausc 
their relative placement within the EM field! is altered. For studies in which marking 
devices are placed on each subject, slightly altered conductivity is not much of a concern 
because it changes .the E-score equally across all subjects. For studies that do not use 
bands or radio transmitters, one should determine whether one can subtract the 
conductivity value of the objec~ and obtain an accurate subject measurement. 
Also, no suitable restraint technique 'is most effective for all taxa. Avian 
biologists commonly use some form of physical restraint to minimize movement of 
subjects, such as elastic bands (Skagen et al., 1993; Bachman, 1994), nylon socks 
(Osborne et al., 1997), or plastic jackets with velcro closures (Scott et al.. 1991 ). 
Researchers studying mammals, on the other hand. prefer anesthetics ( Fiorotto et al.. 
1987; Walsberg, 1988; Nunes & Holecamp, 1996; Voltura & Wunder. 1998). 
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Preliminary studies using xylamine hydrochloride with Myotis lucifugus suggests that 
such immobilization would not be effective because the dose-response is highly variable 
and causes small convulsive movements that increased measurement error. Thus. latt!x 
restraining sleeves (finger cots) were used as a physical restraint. Although these 
restraining sle~ves were electrically transparent when measured alone in the test chamber. 
they produced a significant decrease in E-score when they were placed on a subject. This 
effect may be caused by the sleeve when the body shape is in a more cylindrical form . 
.-\!though the change in body shape produced by the sleeve is advantageous in the sense 
that it conforms to one of the key assumptions of the TOBEC system. the usc of our 
predictive equations may be limited to studies that use similar methods of restraint. 
The current study had an overall intra-individual variation (measurement error) of 
3.82%. \Vhen one restricts the analysis to adults, the subject CV was 2.35°1o. This is 
comparable to levels of precision obtained in many studies ( 1.3%- 2.6°·'0: Segal eta!.. 
1985; Van Loan et al., 1987b; Keirn et al., 1988; Conway et al.. 1994; Asch & Roby. 
1995; Fischer et al., 1996; but see Domermuth et al., 1976; Bachman, 1994 ). Thus the 
TOBEC 3035 measurement chamber can accurately and precisely measure body 
composition in bats as small as 6.00 g. Below this mass, the system retains accuracy, but 
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has significantly lower levels of precision. :This may reflect the smaller interaction 
between the subject and the EM field, resulting in a decreased signal-to-noise ratio and 
increased sensitivity to extraneous sources of error (Em-Scan, I 993). Direct comparisons 
between studies are difficult because standardized measurement protocols are lacking, 
with different studies taking three (Bracco et al., 1983 ), four (Walsberg, I 988; Scott et al., 
1991; Schoech, 1996), five (Skagen et al., 1!993; Fischer et al., 1996). six (Roby 1991 ), 
seven (Conway et al., 1994; Voltura & Wunder, 1998) or ten (Segal et al.. 1985; Fiorotto 
et al.. 1987) measurements per subject. Osborne et al. (11997) repeated measurements 
until the CV value was less than 1%. The present study used seven 1measurements and 
generated a trimmed mean using a method similar to Skagen et al. ( 1993). Because of the 
potential influence of procedural differences on the accuracy and precision ofTOBEC 
measurements, care should be taken to follow a consistent methodology whenever 
species-specific equations are to be used based on TOBEC. 
Although the present study did not investigate the value of multi-species 
equations. Asch & Roby ( 1995) showed that multi-species equations that span a large 
range of body mass are quadratic (whereas single species models are linear). When 
attempting to quantify body composition of,small-bodied species using these multi-
species equations, $e results typically have t1ow precision because the curvilinear 
relations are flatter at lower body masses. 
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3.5.2 Overall Body Composition 
Cohn et al. ( 1974) showed that mass-specific compartment variables (WC, 
%LDM, FI) had lower correlation coefficients than whole-body variables (TBW, LBM, 
LDM, TBF). This reflects the fact that changes in body mass necessitate a corresponding 
change in the whole-body compartments, but do not necessarily require changes in the 
relative whole body composition as measured by mass-specific variables. This change in 
mass-specific body composition, independent of changes in body size, produces more 
interesting questions in physiological ecology. The lack of gender influence on the 
predictive equations in the present study stands in sharp contrast to results reported for 
other small mammals (Froncisz et al., 1994; Zuercher et al., 1997). The lack of influence 
of gender, however. is common among small passerines (Segal et al., 1985; Conway et 
al.. 1994; Asch & Roby. 1995). 
3.5.3 Water Compartment 
The predictive equation derived from the complete model for TBW included a 
level of explained variation (98.6%: Table 3-3) that was higher than other published 
TOBEC studies (range of 76%-98%: Harrison & van Itallie, 1982; Bracco et al., 1983; 
Presta et al., 1983a; Fiorotto et al., 1987; Zuercher et al., 1997). In the present study, this 
was due to the strength of the TBM- TBW relationship in young bats (R2=0.99). The 
TOBEC index (CI) contributed 81% and 57% of the explained variation in the TBW and 
WC models, respectively. Relying only on mensural characters for predicting WC 
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improved the model slightly compared to the TOBEC model, with an improvement in the 
correlation coefficient (+0.11) and a reduction in the error estimate by 0.25%. The lack 
of a significant model for adult WC, with such a low percent error ( 1.2%) suggests that 
adult females have a fairly stable water content, regardless of differences in structural size 
or changes in body mass. 
3.5.4 Lean Compartment 
The predictive equation derived from the complete model for LBM had explained 
variation (98.6%: Table 3-2) that was similar to TOBEC studies on fish (Fischer et al.. 
1996), birds (Roby, 1991; Skagen et al., 1993) fetal pigs (Fiorotto et al., 1987), rodents 
(Bracco et al., 1983; Bachman, 1994; Zuercher et al.. 1997). and humans (Van Loan et 
al., 1987a; 1987b; Van Loan & Mayclin. 1987: Klish et al.. 1984). The TOBEC index 
(CI) in the present study contributed 83.7%, 87.5%, and 41.2% of the explained variation 
in the LBM. LDM. and %LDM models, respectively. The lower predictability of the 
%LDM equation appeared to be due to underestimation of adult females with high 
%LDM values. Removing the TOBEC measurement (Cl) and relying only on mensural 
characters actually improved all three models. with an increase in the correlation 
coefficient (range: +0.0099- +0.1190) and a reduction in the error estimate (range: 1.6%-
3.3%). 
This study had higher LDM correlation coefficients for both the adult model 
(R2::0.80) and the young model (R2::0.98) than those obtained in other studies of this 
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species (R-!=0.28 and R~0.75, respectively) by Kunz et al. (1998) using body mass 
alone. The improvement in the young model is most likely attributable to the use of a 
multiple regression, but the large increase in explained variation of the adult model is 
surprising because both studies used univariate regressions with body mass. The present 
study also supported the conclusion that lean mass of adults was more variable than 
young (Fujita, 1986). Although TBM was the only significant variable in the adult, lean-
mass models, body shape (SHAPE, BMI) best predicted lean mass of young bats. Body 
shape indices are more predictive than body mass in young bats because body shape 
measures the increase in linear dimensions that are due to bone growth. The influence of 
linear measurements (such as wing length or tarsus length) has also been demonstrated in 
several avian studies (McNeil & Cadieux. 1972; Ringelman & Szymczak, 1985; Piersma, 
1988: Ellegren & Franssen. 1992; Houston et al.. 1997). 
3.5.5 Fat Compartment 
The predictive equation derived from the complete model for TBF had a level of 
explained variation (71.1 %: Table 3-3) that was similar to Osborne et al. ( 1997) but 
higher than other TOBEC studies (range of 10%-36%: Harrison & van Itallie, 1982; 
Meijer et al., 1994; Asch & Roby, 1995). Similar to Kunz et al. ( 1998), the present study 
found that body mass is a good predictor of body fat, especially in young bats. The use 
of body mass to predict total body fat has been widespread in birds (Bailey, 1979; 
Wishart, 1979; Krapu, 1981; Iverson & Vohs, 1982; Chappell & Titman, 1983; Piersma, 
1984; Johnson et al.. 1985; Piersma, 1988; Ellegren & Fransson, 1992; Asch & Roby. 
1995) and mammals (Gerhart et al.. 1996 but see Meerlo et al.. 1997 ). Woodall ( 1978) 
and Chappell & Titman (198J),found that body shape measures (such as BMI) were 
stronger predictors,oftotal body fat than body mass alone. 
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The TOBE<C indices (CI and lim) contributed 45.9% and 17;7% ofthe explained 
variation in the TBF and FI models. respectively; these values are similar to those 
reported in migratory passerines by Spengler et al. ( 1995). Removing the TOBEC 
measurement and relying only on mensural characters improved the1 TBF predictive 
model, with an increase in the correlation coefficient ( +0.05) and a rieduction in the error 
estimate (-5.3%). The higher percent error of the fat compartment relative to the water or 
lean mass compartments was expected because fat levels often show the highest level of 
inter-individual variability (Widdowson. 1965: Robbins. 1993 ); however, the errors were 
lower than those seen in other studies (Asch & Roby, 1995; Zuercher et al., 1997). The 
accuracy of the predictive equations was also similar to those obtained by Bailey ( 1979 ). 
Meijer ,et al. ( 1994)~ and Fischer et al. ( 1996) but lower than those obtained by Roby 
(1991) and Voltura & Wunder (1998). 
3.6 CONCLUSIONS 
Body composition of an,organism can be partitioned into three major 
compartments: lean. water, and fat. Being able to measure body composition is critical 
for studies that requ:ire knowledge of these functionally..;.distinct compartments. 
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Although fat is often the target component,1no non-destructive techniques currently 
measure this compartment accurately. The :predictive equations presented in this chapter 
are both accurate and precise enough to assess body composition in·Myoris lucifugus. 
TOBEC values were predictive and precise for all three compartments, although mass-
specific estimates may not be accurate enough for many purposes. Mensural characters 
such as body mass and body shape were often better predictors of body composition than 
TOBEC indices, a result consistent with the findings of Williams et·al. (1997) when 
measuring bird eggs. The lack of improvement when using TOBEC indices rather than 
mensural characters results not from the inaccuracy of the Em-Scan !device, but from the 
high correlation be~ween mensural characters and body composition. 
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Table 3-1. Predictive equations using leasttsquared regression statistics for predicted x 
measured variables in Myotis lucifugus (mean± SE) 
Body Compartment Variable 
Total Body Water (g) 
Water Content (TBWIBM) 
Lean Dry ~ass (g) 
Lean :Body Mass (g) 
Percent Lean Dry Mass 
(LDM!BM) 
Total Body Fat {g) 
Fat Index (TBF/LDM) 
* p <0.05 
** p < 0.01 
slope (b) 
(null = 1.00) 
l.OO ± 0.01 
0. 76 ± 0.06 ** 
0.99 ± 0.01 
l.OO ± 0.01 
0.52 ± 0.06 ** 
0.87 ± 0.05 * 
0.69 ± 0.06 ** 
Y -intercept (a) Model R1 
(null = 0.00) 
0.01 ± 0.03 0.99 
0.1 7 ± 0.04 ** 0.73 
0.01 ± 0.02 0.99 
0.02 ± 0.05 0.99 
10.78 ± 1.45 ** 0.55 
0.06 ± 0.02 * 0.87 
0.11 ± 0.02 ** 0.69 
Table 3-2. Predictive equations for lean, water, and fat compartments in adult and young Myotis lucifugus (n=56, TBM = 
Body mass). 
Response Variable Predictor Variable (X) Predictive Equation Rl F 111n value Percent 
adJ Error 
(:t:SE) 
Total Body Water (g) Body Mass (X 1) 0.0903 + 0.7049(X1)- 0.0112(X2) 0.99 F(2.4111= 6306.5"' 1.41 I 
(TBW) Condition Index (X2) I (±0.16) I 
Water Content Body Shape (X 1) 0.6857 - 0.0002(X 1) + 0.30 12(X2) 0.68 F12•551= 59.4"' 1.33 
(TBWffBM) Body Mass Index (X1) (± 0.14) 
Lean Dry Mass (g) Body Shape (X 1) 0.1112 + 0.0048(X 1) + 1.5242(X2) 0.98 F(l.SS)= 1480. 9"' 4.63 
I 
I 
I (LDM) Body Mass Index (X1) {± 0.42) 
-. 
t-ean Boay Mass (g) Body Shape (X 1} 0.1866 + O.Ol65(X1) + 10.6454{X2) 0.99 F(2,SS)= 7539.1"' 1.24 
(LBM) Body Mass Index (X2) (:t: 0.28) 
Percent Lean Dry Mass Body Shape (X 1) 0.2540 + 0.0012(X1)- 0.0593(X2) + 0.59 F0 .551= 27 .9"' 8.55 
(LDMffBM) Body Mass (X2) 0.4506(X3) (± 0.87) 
Body Mass Index (X3) 
Total Body Fat (g) Body Mass {X1) -0.9251 + 0.2089(X1)- 0.0027(X2) 0.76 F(l.SS)= 59.6"' 20.10 
(TBF) Body Shape (X2) + 0.0035(X3) {l 1.69) 
Capture Date (X3) 
Fat Index (TBF/LDM) NO SIGNIFICANT MODEL NS FCI.HI= 0.5 
"' F test, significance p < 0.001 
1-..J 
0 
Table 3-3. TOBEC-derived predictive equations of lean, water, and fat compartments when adult and young Myoris /ucifugus 
are combined (n=56, TBM = Body mass. 
Response Variable Predictor Variable (X) Predictive Equation Model R2 F ldO value Percent 
(To bee Error 
Univariate (±SE) I 
Rl) 
Total Body Water Body Mass (X 1) 0.0903 + 0.7049(X 1)- 0.0112(X2) 0.99 FC2 4111= 6306.5.,.. 1.41 
(g) (TBW) Condition Index (X1) (0.81) (±0.16) 
Water Content lim (X 1) 0.7366 -t 0.2955(X1)- 0.0063(X2) 0.57 F(2,46)=31.4U 1.37 
(TBW/TBM) Condition Index (X2) (0.57) (± 0. 16) 
Lean Dry Mass (g) Condition Index (X 1) -0.0326 + 0.0224(X1) + 0.97 F12,461= 782.7** 5.62 
(LDM) Body Mass (X2) 0.1922(X2) (0.87) -- (±0_.60) 
Lean Body Mass Condition Index (X 1) I. 7120 - 0.0789(X1) + 0.0238(X2) 0.99 F12,461= 1687.2** 3.66 
(g) (LBM) Body Shape (X2) (0.84) (± 0.40) 
Percent Lean Dry lim (X1) _ 0.2457 + 0.1430(X1)- 0.1951(X2) 0.48 F(2,SS)= 25.9** 8.54 
Mass (LDM/TBM) Body Mass Index (X2) (0.41) (± 0.89) 
Total Body Fat (g) Condition Index (X 1) -0.9632- 0.0234(X1) + 0.71 F(J,SS)= 38. 7** 18.99 
(TBF) Body Mass (X2) 0.137l(X2) + 0.0046(X3) (0.46) (± 2.27) 
Capture Date {X3) 
Fat Index 11m (X 1) 0.2534- 0.9371(X 1) + 0.0367(X2) 0.14 F12.m= 5.6 * 21.93 
(TBF/LDM) Body Mass (X2) (0.07) (J: 3.02) I 
-- ---
* F test, significance p < 0.0 I, "'* F test, signi licancc p · 11.00 I 
I·.J 
Table 3-4. Predictive equations for lean, water, and fat compartments in adult female Myotis lucifugus (n=24. TBM = Body 
mass). 
Response Variable Predictor Variable (X) Predictive Equation R2 Jllj. F 111n value Percent 
Error 
(±SE) 
Total Body Water (g) Body Mass (X 1) -0.2729 + 0.7214(X1) 0.98 F0 ,231= 1057.4 .. 1.19 
(TBW) (±0.18) 
Water Content No Significant Model NS F0 ,2ll= 2.0 1.30 
(TBWfi'BM) (±0.21) 
Lean Dry Mass (g) Body Mass (X1) 0.7955 + 0.1524(X1) 0.80 F0 ,231= 93.4** 2.60 
I 
I 
I 
I 
(LDM) (± 0.34) I 
Lean Body Mass (g) Body Mass (X,) 
(LBM) 
Percent Lean Dry Body Mass (X 1) 
Mass (LDMrrBM) 
Total Body Fat (g) Body Mass Index (X 1) 
(TBF) 
Fat Index Body Mass Index (X 1) 
(TBF/LDM) 
'----
• F test, significance p < 0.01 
•• F test, significance p < 0.001 
0.5226 + 0.8738(X1) 
0.3291 - 0.0097(X1) 
-0.5416 + 4.9025(X1) 
-0.0504 + 1.4986(X1) 
0.98 F(l,231= 1033.4** 1.14 ~ 
(± 0.15) 
0.56 F(l.ll)= 30.5** 4.30 
(± 0.53) 
0.51 F(l.2ll= 24.6"'* 15.99 
(± 2.64) 
0.24 F11 .111== 8.1 * 17.71 
(± 2.98) 
-~--- ---~ -- -----
L_ __ 
1-.J 
I..J 
Table 3-5. Predictive equations of lean, water, and fat compartments lor young A(l'Oiis luc({ugus (n=-::32, TBM == Body mass). 
Response Variable Predictor Variable (X) Predictive Equation Rl F 111n value Percent , I 
I 
··"· 
Error 
(±SE) 
i Total B()dy\\f~!_~ {g} ~()4Y l\1<!5_S {Xtl ().2087 + 0.6735(X1)- 0.0047(X2) 0.99 F!2.lll= 2792.6* 1.65 
(TBW) Age (X2) (±0.24) 
Water Content Body Shape (X1) 0.7476- 0.0003(X1) 0.77 F11.lll= 102.9* 1.20 
(TBWffBM) (± 0.16) 
Lean Dry Mass (g) Age (X1) 0.0623 + 0.0124(X1) + 0.0031(X2) 0.98 F(J.111= 440.0"' 3.39 I I (LDM) Body Shape (X2) + 2.2708(X3) (± o.5t> I 
Body Mass Index (X3) 
Lean Body Ma5s (g) Body Shape (X1) o.o049 + o.Ot67(X1f+ - 0.99 F12,311= 1182. 9* 2.83 
(LBM) Body Mass Index (X2) 11.5186(X2) (± 0.40) 
Percent Lean Dry Body Mass Index (X 1) 0.4251 - 0.6864(X1) + 0.0023(X2) 0.64 F1-'.m= 14. 9"' 5.00 
Mass (LDM!fBM) Age(X2) - 0.0067(X3) + 0.0005(X"') (± l.lO) 
Forearm Length (X3) 
Body Shape (X4 ) 
_Total Body Fat (g) Body Mass (X 1) -OJ79h + 0.1776(X 1)- 0.010l(X1 ) 0.93 F0 .111= 207.4"' 14.08 
(TBF) Age (X 2) (1 2.64) 
Fat Index Age (X 1) -0.052X- 0.0148(X 1) + 0.12h2(X!) 0.71 F - 19 8* J!,lll-. . 12.04 
(TBFILDM) Body Mass (X2) (i 1.95) 
"'F test, significance p < 0.001 
1-.J 
w 
4.1 ABSTRACT 
CHAPTER FOUR 
OFFSPRING SEX RATIO BIAS 
124 
Mammals are limited in their ability to control primary sex ratio because of 
genetic sex determination and Mendelian segregation. However, the high level of 
parental investment, in addition to strong selective pressures to adjust birth sex ratio. has 
led to many populations with non-Fisherian,sex ratios. Myotis lucifugus, a small 
temperate insectivorous bat, has biased birth sex ratios both within years (with female-
biased sex ratios early and male-biased ratios late in the reproductive season) and 
between years (with the sex ratio increasing with increasing precipitation in April). Both 
results are consistent with the increased cost of successfully raising female offspring in 
this bat; Although proximate body composition did not 1influence birth sex ratio. 
reproductive parity and maternal age both influence sex ratio. 
4.2 INTRODUCTION 
4.2.1 Review of Sex Ratio Theory 
Charles Darwin ([ 1871] 1989) observed that some animals produce equal numbers 
of the two sexes but other species (including, humans) produce an excess of males. The 
advantage to overproduction of one sex, and the mechanism for selection, however, was 
unclear :and he thus concluded that 'ihe whole problem is so intricate that it is safer to 
leave its solution for the future" (Darwin [1871] 1989, p. 268). 
I ., -_) 
Almost sixty years later, Fisher ([ 1930] 1958) proposed that balanced sex ratios 
occur because each individual receives half its genome from its father and half from its 
mother~ therefore an individual that invested more of its reproductive potential in the sex 
that is less numerous would contribute more to succeeding generations. If producing 
equal numbers of each sex also led to a balanced adult sex ratio. then effective population 
size (N,:) would also be maximized, thereby decreasing the chance of inbreeding and 
increasing encounter rates between the sexes (Kalmus & Smith. 19601. 
Parental investment is any investment by the parent in an individual offspring that 
increases the offspring's chance of surviving at the cost of the parent's ability to invest in 
other offspring (Trivers, 1972). When sons and daughters have different ·costs'. the 
investment remains equal but the primary (conception) sex ratio becomes a function of 
their cost: 
{1- r) 
r 
Nmale 
NJemale 
CJema/e 
Cma/e 
(Equation -+-I l 
in which r is the maternal resource given to sons, N is the number of offspring, and Cis 
the cost of one offspring (Charnov, 1982). This differential cost can be a due to I) 
production cost: one sex requiring fewer resources to produce, or 2) competition cost: one 
sex competing less with the mother or siblings (Charnov, 1982; Clutton-Brock & Iason. 
1986). 
Viewing the strategy as a fitness function instead of a cost function, the 
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evolutionary stable strategy (ESS) requires: maximizing the produc~ m • f. in which m and 
fare the fitness of the male and female offspring, respectively (Shaw and Mohler. I 953 ). 
The ESS strategy (in which m:;:::: f= 0.5) is also reached when using convex fitness sets to 
represent the trade-offbetween producing sons and daughters (ChamO\·. 1982). 
Therefore, a balanced sex ratio is predicted, based on either cost or 1fitness functions, 
whenever the assumptions of Fisher's model are valid. 
The attempt to understand the impact of Fisher's assumptions has been the basis 
for all the major sex allocation .and adaptive sex ratio theories (Karlin & L~ssard. I 986~ 
Bull &Charnov, 1988; Antolin, 1993). Non-linear trade-off functions appear to have the 
largest potential to explain the sex ratio biases observed in mammals. with the isolated 
exception of the non-Mendelian cytoplasmic sex ratio distorters in wood lemmings 
:\fmpus sclzisricolor (Fredga et:al., 1977; Maynard-Smith & Stenseth. I l)"'lS: Bulmer. 
1988; Gileva & Fedorov, 1991). 
4.2.2 Linear Trade-Offs 
Fisher's model assumed that parents receive equal returns on investment between 
male and female offspring, and. that this return is a linear function of investment. 
However, typical return functions are not linear but rather S-shaped curves with a middle 
region of increasing return on investment surrounded by regions of low return on 
investment (Frank, 1987). When the sexes:have differential fitness: returns a sex ratio 
bias towards the 'cheaper' sex ~eonard et al., 1994) or an allocation bias towards the sex 
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which shows relatively larger reproductive gains ('facultative sexuality' se11su Chamov & 
Bull, 1977) should result; with the magnitude of the bias proportional to the level of 
differential cost (Bbdmer & Edwards, 1960). 
4.2.3 Review of Condition-Dependent Sex Allocation Models 
4.2.3.1 Trivers & Willard Effect 
Trivers and Willard (1973) proposed an adaptive explanation for sex rauo biases 
observed in several polygynous, sexually-dimorphic mammalian species. By assessing 
maternal condition prior to birth, and assuming that the variance in reproducttve success 
of males is greater than females, they concluded that females below. the mean maternal 
condition for the population should produce litters with a lower sex ratio (increasing 
percentage of females) due to the higher cost ofmale offspring. Support tor the Trivcrs-
Willard effect (TWE) has been found in seVIeral mammalian species (see Table 4-2). 
4.2.3 .2 Local Resource Competition 
The Local Resource Competition (LRC) hypothesis was first proposed by Clark 
( 1978) to explain sex ratio biases that contradicted the TWE model; specifically. low-
ranking females producing excess males. According to the LRC model, rather than sex-
biased parental investment, sex-biased dispersal patterns create the sex ratio bias. When 
natal dispersal is limited to one sex, or when the sexes differ in the timing or distances of 
natal dispersal, the level of dispersal and competition become negatively correlated, and 
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the population-wide bias is in favor of the dispersing sex (Chamov. 1982; Gowaty. 1993 ). 
When a female is born into a matrilineal group, she competes tor resources with 
both related and non-related females in that group. Dominant females can reduce 
competition within a group by minimizing the number of non-relatives; this creates high 
levels of social stress in unrelated subordinates and their female offspring (Silk. 1983 ). In 
addition. competition between non-dispersing siblings reduces the genetic value of each 
sibling by liN, in which N is the frequency 1at which a non-dispersing offspring competes 
with another non-dispersing offspring for limited resources (Frank. 1990). Thcsr.: costs 
should be most severe in females with pooribody condition or lmv dominance rank; 
avoidance of these costs selects.for the higher sex ratio by low-ranking females (Van 
Shaik & Hrdy, 1991 ). Although Fisher ( 19$8) and Leigh ( 1970) state that di ffercntial 
mortality after the end of parental investment can not affect the sex ratio strategy. Dittus 
( 1979) suggests that costs associated with natal dispersal can influence the adaptive sex 
ratio strategy if these costs are predictable. Support for the LRC theory comes from the 
several mammalian species (seeTable 4-2) and the model of Silk ( 1984). 
4.2.3.3 Local Resource Enhancement 
Sex-biased dispersal patterns can also produce a bias against the dispersing sex if 
mothers can increase fitness through cooperation with their non-dispersing offspring or 
through maternal inheritance of rank (Altmann, 1980). In such systems, the Local 
Resource Enhancement (LRE) model predicts that low-ranking (or low condition) 
mothers will produce more males whereas high-rank (high condition) females will 
produce primarily females (Van Shaik & Hrdy, 1991). 
4.2.3.4 Common Aspects of the Condition-Dependent Sex Allocation \lodels 
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All three models represent different aspects of the same phenomenon (Gowaty. 
1993 ), and therefore can operate in the same population, with the degree of expression 
depending on local conditions (Aureli et al., 1990). Since the LRC model is primarily a 
density-dependent model and the TWE model is density-independent. on!! can pr!!dict that 
LRC takes priority during periods of high competition, whereas T\VE takes priority when 
competition is relaxed (Van Shaik& Hrdy, 1991). LRC and LRE conditions can also 
exist within the same population; for example, in hyaenas (Crocuta crocura 1. with 
matrilineal inheritance and periodic group fission. sex ratios conform to thl! l.RC modd 
prior to group fission (in which competition is high and males disperse 1 and the LRE 
model after fission (Holekamp & Smale, 1995). 
All the condition-dependent sex allocation hypotheses have three common 
assumptions: 1) reproductive females vary in body condition. 2) body condition is a 
heritable trait, and therefore variation between families should be larger than within 
families (Bull & Charnov, 1988; Frank, 1990), and 3) the relative costs differ between 
sons and daughters (Gomendio et al., 1990). In addition, all of these models assume that 
sex ratio biases are adaptive. Although few studies have shown sex ratio shifts to be 
adaptive (Chamov, 1982), the adaptive value of sex ratio adjustment can be inferred if 1) 
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a population commonly deviates from an equal sex ratio, 2) the equilibrium sex ratio 
changes in ecological time and 3) the ability to successfully produce a given sex varies 
(Burley, 1982). Havelka & Millar (1997) suggested that sex ratio variation is adaptive if 
the bias is consistent with factors that affect the relative fitness of male and female 
offspring. However, the direction of adaptive shift is often difficult to determine a priori 
without knowing which sex benefits from increased maternal investment (i\.loses et al.. 
1995). 
4.2.4 Potential Sources of Selective Pressures for Sex Allocation 
4.2.4.1 Differential Offspring Cost 
Measurement of correl~tions in body size or body mass between a mother and her 
offspring provide strong evidence in suppolit of the heritability ofhody conJitiLm in a 
wide variety of mammalian taxa (Table 4-1 ). The assumption that. in mammals. males 
cost more than females has been supported by several lines of ev·idence. including longer 
gestation time (DiGiacomo & Shaughnessy) 1979; Clutton-Brock et al.. 1981 ); higher in 
utero growth rate (Cassar et al., 1994; Pollard, 1994; Wauters et aL 1995: Ylittwoch. 
1996); higher postnatal growth 1rate (Clutton-Brock et al., 1981: Holroyd et al.. 1983; 
Kovacs & Lavigne, 1986; Lee & Moss, 1986; Anderson & Fedak. 1987; Wolff. 1988; 
Boyd & McCann, 1989; Mason, 1994; Amould & Boyd, 1995; Goldsworthy, 1995; van 
Jaarsveld et al., 1995; Ono & Boness, 1996); larger size at birth (Reiter et al., 1978; 
Clutton-Brock et alL, 1981; Holroyd et al., 1983; Byers & Hogg, 1995; Goldsworthy, 
131 
1995; Boyd, 1996;: Ono & Boness, 1996; Birgersson & Ekvall, l99r?; Stern. 1996 ); longer 
growth period (Prestrud & Nilssen, 1995; Sand et al., 1995; Watennan, 1996; Stem, 
1996); delayed weaning age (Reiter et al., 1978; Wolff, 1988); larger size at weaning 
(Reiter et al., 1978; Armitage, 11987; Krackow & Hoeck, 1989); and higher frequency of 
females becoming barren following the birth of sons (Glutton-Brock et al.. 1981 ~ Rutberg. 
1986; Wolff, 1988). In addition, males also have higher pre-natal (McMillen. 1979~ Pratt 
& Lisk, 1991) and juvenile mortality rates (Hope, 1972; Reiter et al.. 1978; Altmann. 
1980; Silk et al., 1981; Hiraiwa-Hasegawa et al., 1984; Clutton-Brock et al.. 1985~ Lee & 
:vtoss, 1986; Rajpurohit & Sommer, 1991; lunn et al., 1994; but see Cosson & Pascal. 
1994; Aars et al., 1995). Experimental evidence also suggests that males may have 
higher requirements of certain nutritional parameters such as essential fatty acids (Rivers 
& Crawford, 1974). 
The assumption of increased variance in reproductive success among males. as 
\veil as1 the differential benefit of higher condition among males. are the result of the 
prevalence of polygynous mating systems among mammalian species. In such a system. 
females have a similar reproductive success: while males vary in reproductive success in 
relation to their number of mates; from zero females for bachelor males to in excess of six 
females in African lions Panthera leo (Packer & Pusey, 1987), ten females in some 
primates (Jolly, 1985), and 25 females in the greater spear-nosed bat Phyllostomus 
hastatus (McCracken & Bradbury, 1981). Evidence for1males having higher levels of 
varianc.e in reproductive success exists for elephant seals Mirounga angustirostris (Cox 
& LeBoeuf, 1977; LeBoeuf & Reiter, 1988), fur seals Arctocephalus gazella 
1 ... .., .)_ 
(Goldsworthy, 1995), gray seals Halichoerus grypus (Anderson & fedak. 1987), gelada 
baboons Theropithecus gel ada (Dunbar, 1984 ), rhesus monkeys ( A1acaca mulatta 
(Meikle et al. 1984), capuchin monkeys Cebus o/ivaceus (Robinson & O'Brien, 1991 ). 
red deer Cervus elephas (Clutton-Brock et al.. 1981 ), and woodchucks Marmota moneL\: 
(Armitage, 1987). However, sCDme populations (such as African wild dogs. Lycaon 
pictus).have a social structure that creates higher variance in reproductive success among 
females (Creel et al., 1997). 
4.2.4.21Body Condition 
Body condition is often!assumed to be an important component of parental 
investment. and can markedly affect the offspring's body size and mass ( Clutton-Brock ct 
a!.. 19812; Wolff. 1988) as well as its reproductive success CC!utton-Brock & lason. 1986 ). 
Lo\',< body condition can result from nutritional stress that produces a negative energy 
balance, or a depletion of energy reserves. 1his can affect the normal functioning of 
reproductive organs by increasing corticosterone levels (Borer, 1985; Bazhan et al., 
1996), inhibiting LH pulsing (Bronson & Rissman, 1986). and reducing FSH release 
(Printz & Greenwald. 1970; Lisk, 1985). These effects, in turn, can delay sexual 
maturation (Frisch & McArthur, 1974) and reduce the rates of ovulation (Lisk, 1985), 
oestrus (Merson & Kirkpatrick,· 1981 ), and pregnancy (Bazhan et at, 1996). At the 
population level, maternal body condition affects reproductive output (Armitage, 1987), 
litter s~ze (Armitage, 1987), sex ratio {Verme. 1965; Clutton-Brock ct al., 1982: Lee & 
Moss, 1986; Aars et al., 1995; Bazhan et ah, 1996; He\\tison & Gaillard. 1996), birth 
mass (Verme, 1965), growth rate (Sikes, l996a),juvenile survivorship (Bazhan et al.. 
1996), and offspring reproductive success (Bazhan et al.. 1996). Therefore. maternal 
condition is likely to have significant impacts on life-history parameters. 
4.2.4.3, Life History Traits 
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Age-specific effects on reproductive performance are common in iteroparous 
species: (Forslund & Part, 1995). In fact, maternal age often explains more variation in 
reproductive success than any other life-history parameter (Newton. 1988; Forslund & 
Part, I 995). Age effects are placed into three non-exclusive categories: 1) an increase in 
a\'erage reproductive performance with age due to death ofpoor pertonncrs. 2) an 
increase in individual performance with age due to experience. and 3) an increase in 
individual performance with age due to an increased reproducti\'e effort (\\bee! wright & 
Schultz, 1994; Forslund & Part~ 1995; Martin, 1995). lihe general pattern across 
iteroparous species 'is a period ofincreasing,reproductive output. following by an 
extended period of age-independent reproductive output, and concluded by a period of 
age-dependent decline in reproductive output (senescence). 
The reproductive history of a female1 also plays a role in her ability to invest in, 
and successfully raise, offspring. Primiparous females generally have lower reproductive 
success 1than reproductively-experienced females (Reiter et al., 1981 ); this is most likely 
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due to,a lower body condition that results from becoming reproductively active prior to 
reaching full adult size. Conversely, females that were barren the previous season tend to 
have higher reproductive success due to a higher body condition (Clutton-Brock et al., 
1984). 
Social dominance is known to affect access to water, food. and shelter (Meikle et 
al., 1984). The larger size and better general health of dominant females is supported by 
their higher reproductive success (Clutton-Brock et al., 1981 ). The inability to gain access 
to nutrients by low-ranking females limits their potential parental investment (Simpson & 
Simpson, 1981; Srqall & Smith, 1985; van Shaik & Hrdy, 1991 ). In addition, harassment 
by dominant females can result in increased mortality of the offspring of subordinate 
females (van Shaik& Hrdy, 1991) . 
. Litter size is highly variable and strongly influences precociality among 
mammalian speciesi (Carranza, 1996). Within species, litter size is often related to body 
condition, although increased litter size seldom results in more sun.:iving offspring 
(Mappes et al., 1995). Sex-selective provisioning and culling of offspring ('bet-hedging') 
is a reproductive strategy exclusive to populations with large litter sizes; these postnatal 
manipulations are not available to populations with only1one offspring. In species such as 
the domestic pig, Sus scrofa, the production of sub-binomial distributions (an excess of 
evenly~sexed litters) is common1(James, 1998); subsequently, sex ratio biases tend to be 
relatively small in populations with large litter size. Conversely, populations with a 
single offspring must invest all of their resources into a single offspring; this makes these 
populations the most sensitive to resource variation betWeen individuals (Frank, 1987) 
and thus can select for the most extreme deviations in population sex allocation bias 
(Frank, 1990). 
4.2.5 Mechanisms of Sex Ratio Manipulation 
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Offspring sex ratio is a phenotypic trait that can be subject to natural selection 
(Frank, 1983). When the sex ratio is fixed at conception. any adaptive sex ratio 
adjustments require maternal assessment of the gender and potential fitness of the 
offspring. This further requires that the mother be sensitive to her own phenotype or the 
environment (deteCition) and can respond to (plasticity) differential costs between the 
sexes (ILeimar, 1996); the strategy must compensate for the resources used prior to any 
facultative adjustment (lowered efficiency of adjusting the sex ratio) and the 
physiological cost of the adjustment (Chamov, 1982) and detection (Burley, 1982). 
Although these costs are poorly understood. clearly the cost is reduced \vhen sex ratio 
adjustments are made early (Trivers & Willard, 1973 }. 
Pre-mating mechanisms: produce the fewest costs because no. resources are spent 
on offspring that will be eliminated in the future. Evidence for autosomal genetic 
variation of sex ratio is scarce for mammals (Antolin, 1993 ). and experiments testing the 
ability to genetically select for sex ratio biases have met with little to no success 
(Chamov, 1982; Clutton-Brock & lason, 1986). However, pre-mating mechanisms that 
use biosocial mechanisms of assessing the relative fitness of potential offspring have been 
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theorized (Armitage, 1987). In mouse lemurs, Microcebus murinus, exposure to urinary 
cues of conspecifics (a measure of group density) markedly affects birth sex ratios 
(Perret, 1996). Similarly, delayed mating results in a sex ratio shift in many other 
mammals (Stirling, 1971; Guerrero. 1974; Verme & Ozoga, 1981; Clutton-Brock et al., 
1982; Simpson & Simpson, 1982; Armitage. 1987); this delay is an adaptive strategy if it 
is caused by low male density and results in an increasing male-biased sex ratio (Johnson, 
1994). Mating delays can also be adaptive if they result is a sex ratio shift away from the 
sex with longer developmental time (Developmental Asynchrony Hypothesis; Krackow. 
1995; Chamov, 1982). 
When a female can not predict future conditions accurately, she must rely on post-
mating strategies (Howe, 1977). Initial investigations into biased mammalian sex ratios 
suspected that differential spenn sun·i\·al was :.1 p0tential pre-fertilization (pre-parturition) 
mechanism of sex ratio manipulation (Trivers & Willard, 1973 ); however this has been 
subsequently deemed unlikely for many reasons (Rivers & Crawford. 1974; Chamov, 
1982; but see Guerrero. 197 4 ). A mother may gain information about the sex of her 
offspring through detection of a 'maleness gene' (Eshel & Samsone, 1994) or fetal 
metabolites that pass into the maternal bloodstream through the placenta; selective 
abortions and differential in utero mortality are common in mammals (Calow, 1979; 
Clemens & Witcher, 1985; Kozlowski & Steams, 1989; Trout & Smith, 1995). 
The production of excess young and their subsequent culling by sibling 
competition for milk or through maternal rejection has been postulated as a postnatal 
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mechanism (McClure, 1981; Austad & Sunquist, 1986). Although this strategy is 
plausible for marsupials and species with high litter number and altricial young, it would 
not be~ highly adaptive mechanism for mammals eithet giving birth to small litters or 
precocial young. Postnatal manipulation strategies also include differential juvenile 
mortality, in which populations produce unbiased birth sex ratios and rely offspring 
mortality to adjust the weaning sex ratio. 
4.2.6 Choice of Study Species 
Several aspects of the reproductive biology of bats suggest that they would be 
good models for studies of biased sex allocation strategies: 1) bats have a high level of 
parental investment per young (Kunz, 1987~ Barclay, 1994), producing offspring that are 
30% ofthe maternal mass at birth (Tuttle & Stc\·cnson. 1982; Hayssen & Kunz, 1996) 
and up to 90% adult size at weaning (Stem, ~1996); 2) bats are iteroparous, and can 
therefore adopt reproductive strategies that are resource-dependent: 3) most species of 
bats have some degree of sexual dimorphism (Myers. 1978; Williams & Findley, 1979; 4) 
most bats have a single offspring per litter (Tuttle & Stevenson. 1982); 5) most temperate 
bat species have a promiscuous (scramble polygyny) mating system (Bradbury, 1977) 
which creates a level of reproductive variance conducive to adopting sex ratio 
manipulation strategies; and 6) bats have high levels of birth synchrony (Humphrey, 
1975) which allows for the evaluation of inqividual body condition and sex ratio strategy 
that is independent of temporal variability in food supply. 
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Several attributes make: the little brown bat particularly suited for sex allocation 
studies. A1_l/otis /ucifugus fonns large maternal colonies (up to 5.001[) adult females) with 
high levels of site fidelity; this allows the study of large numbers of individuals and 
avoids the small sample sizes that characterize many sex allocation studies. In addition. 
M. /ucifugus has sex-specific life histories (including female philopatry) and sexual 
dimorphism (Myers, 1978; Kalcounis & Brigham, 1995) that could create sex-specific 
fitness:returns. Moreover, M_votis /ucifugus has a mean life expectancy of more than two 
years (Humphrey. 1971) with a known longe\·ity of34 years (Davis!& Hitchcock. 1995). 
This longevity proc:tuces overlapping generations which. in conjunction with female 
philopatry, creates matrilines ~ithin the population. Matrilineal inheritance sets up the 
preconditions for kin selection (Bain & Humphrey, 1986) if females within a colony have 
differential reproductive success and the factors which create the differential reproductive 
success (for example, body condition) are heritable. In such a popu~ation, the relatedness 
of the colony should increase as long as the new cohorts of reproductive females contains 
more philopatric offspring than recruited individuals. This should create conditions that 
select for a sex ratio bias consistent with either the LRC or LRE model, depending on 
whether the daughter competes or cooperates with her mother. 
4.3 MATERIALS AND METHODS 
A maternity colony oflittle brown bats, Myolis lucifugus, was monitored once or 
twice a week during the summers of 1993 through 1997, (from late April until they 
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dispersed in mid-August). The colony was located in a bam and adjacent shed in 
Peterborough, New Hampshire. Individual. bats were taken from their roosts between 
0500 h and 0700 h. placed together in nylon mesh bags~ and transported to a field 
laboratory (Boston University, Sargent Camp) where the gender was determined and the 
body mass (g) and length of fonearm (mm) of each bat were measured. The reproductive 
condition of females was assigned as early pregnancy (captured in April-May before fetus 
was detectable by palpation). late pregnancy (second half of pregnancy when palpation is 
reliable), lactating, or post-lactating (Racey~ 1988). For juveniles. total length of the 
epiphyseal gap ofthe fourth metacarpal ofthe right wing was measured to the nearest 
0.02 mm by placing the outstretched wing on a dissecting microscope and measuring the 
transillurninatedjoint with an ocular micrometer. The age of young bats was then 
estimated using the equations for length of forearm and total length of c:piphyseal gap 
after Kunz & Anthony (1982). Date of birth was calculated by subtracting the estimated 
age at capture from the date of capture. Bat$ were then placed back into the holding bag, 
returned to the study site, and individually released into the roost. 
.Data from 1, 14 7 young bats were used to test for sex ratio biases between years. 
Tests for maternal effects were performed on 347 young bats that were captured while 
nursing from their mothers. Meteorological data were obtained from National Weather 
Service reports collected by the Edward MacDowell Lake Station located approximately 
10 km northwest of.the study colony. Data from April through August of each year were 
used to calculate mean monthly maximum and minimum temperatures, total precipitation 
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(mm), days with greater than l.3 nun (0.05 in.) of precipitation. days \Vith minimum 
temperature below 5°C, days with maximum temperature above 21=c, total hours of 
precipitation from 1900 h to 0400 h, and days with greater than four hours of continuous 
precipitation between 1900 h to 0400 h. In addition to monthly totals, a 'season' total 
was calculated for each variable by summing the monthly totals from April through 
August. 
Statistical analyses were performed using the SAS statistical package (SAS, 
1990). To control for annual variation in reproductive timing. the parturition period was 
divided into ten weekly intervals adjusted so that the first week coincided with the 
beginning of parturition. To determine whether the observed sex ratios differed from the 
null predictions (1: 1 sex ratio= 50% male), a chi-square one-sample test for goodness of 
fit was performed. Chi-square analysis was also used to test for ;J Jiffcrcnce in sex ratio 
before and after the mean parturition date and tor differences in sex ratio between years. 
To test whether offspring sex ratio changed over the course of the reproductive period, 
mean birth sex ratios were calculated for each week and analyzed for significant 
differences using an analysis of variance (ANOVA). 
Estimates of body condition were generated using predictive equations developed 
for this species (Chapter Three). To control for the decline in body condition across the 
reproductive period (Chapter Two), linear regressions were performed using date of 
capture as an independent and body composition components (lean dry mass (g), total 
body fat (g), and total body water (g)) as dependent variables. The residuals from this 
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analysis were then used to investigate the effect of body composition on sex ratio using 
an analysis of variance (ANOVA). 
Correlation analysis was performed on the eight meteorological variables to 
investigate the independence of the environmental variables. To test the effects of 
environmental variability on sex ratio, the meteorological data were used as independent 
variables in a forward, step-wise multiple regression using sex ratio as a dependent 
variable. To maintain an experiment-wise error rate of a= 0.05, model significance was 
set at a'= 0.006, where a'= 1 -(I -a) L'k and the number of comparisons (k) equal to 
eight (Sakal & Rohlf, 1981 ). 
4.4 RESULTS 
The overall sex ratio of captured young was 48.34% ( 525 males: 561 females). 
To estimate the accuracy of using offspring sex ratio as a measure of birth sex ratio, the 
data were re-analyzed for offspring captured within a week of birth: this did not 
significantly change the sex ratio (49.08%, 213 males: 221 females), suggesting that 
offspring sex ratios are a good approximate measure of birth sex ratio in this species. 
Subsequently, I will refer to the offspring sex ratio as a birth sex ratio. Several weeks 
after the parturition period ended (after week nine of the reproductive season), offspring 
sex ratios declined significantly from the annual birth sex ratios due to a decline in the 
number of males captured (Figure 4-1 ). 
The population-wide birth sex ratio for the five years was not significantly 
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different from 1:1: (X2 = 5.58, p>0.20), with the lowest sex ratio in 1997 (41. 78%) and the 
highest in 1996 (52.23%); the birth sex ratios in 1996 and 1997 were significantly 
different (X2 = 4.1 0, p>0.04 ). !Early reproducers had a female-biased birth sex ratio 
(Figure 4-2); this difference was significant across all years (X 2 = 5.06, p<0.03), 
significant in 1997 (X2 = 4.30, p<0.05), and approached significance in 1996 (X2 = 3.40. 
p<0.07). 
Mothers of males and females did not differ in any of the body composition 
compartments. Although mothers that gave birth before the mean parturition date tended 
to have more body fat (t= 1.8 7. p= 0.06 ), this effect disappeared when date of capture of 
the mother was controlled. Also, maternal'. age had no influence on sex ratio (X2 = 4.81, p 
= 0.30) but the sample size was small (n=U) due to the lack ofknown-aged mothers. 
Lack 0fknown-aged mothers also prevented an analysis ofthe role of reproductive 
history on sex ratio. We noticed. however. that all three knO\vn primiparous births 
produced male offspring and that these primiparous females gave birth, on average, ten 
days after the mean parturition: date. Furthermore. females known to be at least seven 
years old (three females banded in a previous study) had slightly earlier mean parturition 
dates (3.7 days), showing no indication of reproductive senescence. Thus previous 
reproductive history (influence ofprevious:reproductive event) had no effect on the sex 
ratio of subsequent offspring (Table 4-3). 
The proportion of males born in a year was correlated with both precipitation and 
temperature variables; however neither temperature variable met the experirnentwise 
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error rate of et = 0.006 (Table 4-4). Total days of precipitation in April explaining 93% of 
the variation in sex ratio across the five years of the study; including the total days of 
precipitation in May increased the level of explained variation to over 99%. 
4.5 DISCUSSION 
Several factors have led to a confusion about sex allocation theory; in particular. 
the lack of knowledge of proximate mechanisms of sex ratio manipulation and the 
differential costs of reproduction of male and female offspring often prevent a priori 
predictions of sex allocation. This is further complicated by the fact that much published 
data on sex ratios in mammals are obtained incidentally! in larger population studies that 
either 1) fail to control for the many physiological and life history parameters that 
influence sex allocation strategies. 2) do no~ ohtain adequate sample sizes nor collect data 
over multiple years. or 3) use food-supplemented or captive populations that are 
inappropriate for studies on conditional sex allocation. This has resulted in inappropriate 
interpretations of data (such as a non-biased! birth sex ratio across the whole population 
being an indication ofthe lack of adaptive sex ratio strategy), contradictory studies in the 
same species (Table 4-2). and a perception that no general mechanism or theory can 
explain the observed patterns. Although the present study is not free from these 
criticisms, statistical control of confounding variables, large sample size, and a study 
duration that exceeds the mean life expectancy of an individual within the population 
address many of these concerns. 
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The population-wide sex ratio was not significantly different from unity; this is in 
contrast to the female-biased birth sex ratio previously reported for lvl. lucifugus (Cagle & 
Cockrum, 1942 but see Humphrey, 1971; Schowalter et al., 1979) and many other 
mammalian species (Table 4-6). The birth~sex ratio is often correlated with (Clutton-
Brock et al., 1985) and, according to Krac~ow ( 1995), can not exceed in magnitude the 
level of adult size dimorphism. Since M. lucifugus shows only a 2% size dimorphism 
(Williams & Findley, 1979), the population-wide non-biased sex ratio observed in the 
present study is not surprising. Although the sex ratio data represent offspring collected 
throughout the lactation period~ the results were not qualitatively altered by restricting the 
sample to peri-natal captures. This suggests that offspring sex ratios obtained throughout 
the palituri.tion period can be used to approximate birth sex ratios. However, nine weeks 
into the reproductive period (when all young are born and many arc weaned). offspring 
sex ratios begin to decline, and would therefore not have accurately1 estimated birth sex 
ratios. 
The declining sex ratio seen after the eighth week following the onset of 
parturition, coinciding with a decline in total offspring captured, suggests that juvenile 
males either l) have an increased mortality rate. 2) become differentially 'trap-shy' and 
therefore avoided capture more effectively than juvenile females, or 3) left the maternity 
roost earlier than juvenile females. Increased mortality at the maternity colony was not 
evident and volant juvenile males probably did not suffer from higher predation or 
accidental mortality than females. Similarly, juvenile males could not differentially avoid 
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being captured because of the general accessibility of the bats in this colony. The decline 
in sex ratio. seen as early as the end of July, results from males leaving the maternity 
colony after weaning, and roosting elsewhere until they migrated to winter hibernacula; 
this is consistent with the male-biased juvenile sex ratios seen in this species at swarming 
sites in late July and August (Humphrey & Cope, 1976; Kunz et al. 1998). If these 
•transitional roosts' were cooler than the maternity roost, than the males can conserve 
energy by entering torpor during the day. 
When males disperse and females are philopatric. sex ratio biases would conform 
to the Local Resource Competition model. The fact that females are 1) born earlier than 
males (Chapter 5); 2) slightly larger in size (Myers. 1978; Williams & Findley, 1979; 3) 
remain in the maternal colony longer; and 4) return to the maternal colony in subsequent 
years, suggests that females are the more ·expensive' sex. The production of exclusively 
male offspring by primiparous females in the present study provides additional support 
for higher female offspring costs, albeit this evidence is limited by small sample size. 
However, individual sex ratio biases consistent with the LRC model generally lead to a 
population-wide male-biased sex ratio. instead of the non-biased sex ratio seen in the 
present study. If female philopatry did not create competition costs in this species, the 
benefits of producing daughters (through social foraging or reduced thermoregulatory 
costs) could balance the marginally-higher production costs of female offspring, 
producing a population-wide non-biased sex ratio consistent with the LRE model. 
However, the overlap of multiple generations would appear to require competition 
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between mothers and daughters unless I ) sons did not disperse out of the foraging range 
of the mothers or 2) insect resources were not density-dependent. Neither of these 
conditions was investigated by the present study. 
The early female-biased sex ratio observed in the present study is similar to biases 
reported for cows (Bos taunts: Holroyd et al.. 1983 ), red deer ( Cervus elaphus: Hudson et 
al.. 1991; Smith et al., 1996 ). and the yuma bat (Myotis yumanensis: Milligan & Brigham. 
1993 ); although the latter study reported a non-biased sex ratio from the earliest births. 
An early bias could reflect a higher cost of production if female offspring required higher 
levels of parental investment or a longer period of parental care and both of these 
conditions appear to occur in this species. Larger adult size in females is common among 
vespertilionid bats (Ralls, 1976). The reason for the larger size is often attributed to the 
benefits of reduced wingloading and thermoregulatory costs (Williams & Findley. 1979 ). 
Age of first reproduction is an important life history parameter that is under strong 
selective constraints (Pyle et al.. 1997). When growth and reproductive development 
must compete for limited resources, reproductive maturity can be delayed (Bronson, 
1995); this is particularly true for small mammals for which reproductive maturity must 
also compete with increased thermoregulatory costs (Bronson & Rissman, 1986). For 
example, in Eptesicusfuscus reproductive rates of first year females declined during ·bad' 
years when cooler climate resulted in lower food resources and increased 
thennoregulatory costs (Holroyd, 1993; Hoying & Kunz, 1998). If reproductive timing 
has a negative impact on the ability to reach sexual maturity in the first year, than the sex 
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that is most strongly influenced by an early birth should be produced first (Daan et al., 
1996 ). Since male bats in temperate regions can not become sexually competent in the 
first year (O'Farrell & Studier, 1973; Racey, 1982), and at least some females can 
(Humphrey, 1971; Racey, 1982; present study), the female-biased sex ratio seen early in 
the parturition period may reflect an attempt by females capable of reproducing early to 
increase their fitness by producing offspring that may reach sexual maturity in the first 
year. To infer that this strategy is adaptive. a correlation must exist between birth date 
and reproductive rate among first-year females. Although our sample size prevents 
testing such a correlation in the present study. we did observe that the only female known 
to give birth in her first year was born a week before the mean parturition date. This is 
similar to Odocoi/eus virginianus, in which females that bred in the first year were all 
born before the median birth date (Schultz & Johnson, 1992 ). 
The ability to reproduce early is dependent on the timing of implantation in early 
spring and the ability of the mother to maintain euthermic body temperatures throughout 
gestation; both of these may be related to spring temperatures and the nutritional 
condition of the mother. Although condition-dependent reproductive timing was not 
observed in the present study, it occurs in mountain goats Oreamnos americanus 
(Stevens, 1983) and brown bears Ursus arctos (Stringham, 1990). As lw. /ucifugus is a 
small mammal that does not rely on stored fat reserves for reproduction, the present 
results are not surprising; in fact, they are consistent with data collected from another 
'income breeder', the white-footed mouse Peromyscus maniculatus (Havelka & Millar, 
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1997). The lack of a condition-dependent influence on sex ratio suggests that M. 
lucifugus does not use proximate body composition as a measure of potential maternal 
investment. However, a study design that collected body composition from a large cohort 
of reproductive females early in April (to test a correlation with date of implantation and 
parturition, as well as sex ratio) and late in September (rto test a correlation with 
overWintering survival) would be a more appropriate tests for condition-dependent 
reproductive strategies in temperate bats. 
Maternal age affects many life history traits in mammals, including reproductive 
rate (Miura et al., 1987: Trout & Smith. 1995), pregnancy rate (Lima & Paez, 1995), birth 
rate (Dunbar, 1984). reproductive success (Reiter et aL 1981; Clunon-Brock et al.. 1988 ), 
reproductive timing ( Drickamer, 1974; Paul & Thommen, 1984; Anderson & Fedak, 
1987; Boyd & McCann. 1989: Vermc. 1989: Lunn & Boyd, 1993; Boyd. 1996). sex ratio 
(Paul & Thommen, 1984: Armitage, 1987; Thomas et al.. 1989; Hudson eta!.. 1991; 
Wauters et al., 1995; Berube et al.. 1996 ). postnatal growth rate (Myers & Master. 1983 ). 
offspring survivorship (Festa-Bianchet, 1988), and interbirth interval (Silk et al., 1981 ). 
Unfortunately, the low recapture rate of known-aged females in the present study 
prevented a rigorous test for the effect of maternal age. However, two observations 
deserve further study: 1) the only known first-year female gave birth twelve days after the 
mean parturition date and 2) three females banded in a prior study, and therefore known 
to have a minimum age range of7- 12 years, had slightly, but not significantly, earlier 
dates ofparturition:than all other bats. This latter observation is consistent with the lack 
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of age-specific reproductive rate data already reported for this species (Humphrey. 1971; 
but see Cagle & Cockrum. 1942). 
The observation that primiparous females in the present study gave birth later than 
multiparous females and produced male offspring is consistent with the general theory 
that primiparous females have later parturition dates (Silk et al., 1981; Paul & Thommen. 
1984; Festa-Bianchet, 1988; Schultz & Johnson, 1992; Hirgersson & Ekvall, 1997) and 
sex ratio biases towards the ·cheaper sex· (Ciutton-Brock & Iason, 1986; Armitage. 1987: 
Silk. 1988). Although the present study did not measure reproducti'we success, the studies 
cited suggest that these effects reduce the reproductive success of primiparous females . 
. A prediction of the condition-dependent sex allocation models is that sex ratios 
vary more between matrilines than within matrilines, because of heritability of condition. 
This prediction of ·male-producing' and ·female-producing· individuals (Williams. 1979) 
has been observed in H1malayan tahrs, Hentitragusjemlahicus (Pare et al.. 1996). The 
present study found no evidence for male- or female-producing matrilines. nor was such a 
pattern observed in muskrats, 011datra zibethicus (Hartman, 1995). This lack of 
correlation between successive reproductive events does not fully test for the effect of 
reproductive history since female M. lucifugus that go barren may not return to the 
maternity colony during that year. 
The range in birth sex ratios between years was 10.45%; this is similar to data 
collected from sheep (Kent, 1995). Perturbation models predict tha~ the sex ratio should 
be correlated with an environmental parameter that is a reliable predictor of seasonal 
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quality. Specifically, "bad years' are predicted to have sex ratio biases towards the sex 
with the lowest mortality (Chamov, 1982) with ·good years' resulting in little or no bias 
(Werren & Taylor, 1984) or an overproduction of the other sex (Antol in, 1993 ). Sex ratio 
changes that are correlated to environmental quality have been seen in kangaroo 
Macropus spp. (Johnson & Jarman. 1983), mice Mus musculus (Havelka & Millar. 1997), 
and mule deer Cervus elaphus (Pederson & Harper, 1984). Although winter "harshness' 
was correlated to the proportion of adult male eastern pipistrelle bats (Pipistrellus 
subjla\fus) m hibemacula (Davis. 1959), no data exist on the role ofthe environment on 
offspring sex ratio in vespertilionid bats. 
Because lv!. lucifugus gives birth almost exclusively to single young, any potential 
sex ratio manipulation wou!d have to occur before parturition. With births occurring in 
late May. environmental conditions after May are unlikely to be used by the female to 
adaptively manipulate the sex ratio. The highly significant influence of April 
precipitation on offspring sex ratio is consistent with 1) the importance of early spring 
weather as a predictor to seasonal quality and 2) the negative impact of precipitation on 
foraging in insectivorous bats (Hoying & Kunz, 1998). Because April precipitation 
levels are positively correlated with overall seasonal precipitation levels (r=0.94. p< 
0.05}, this appears to be a strong predictor of seasonal quality that is available to 
reproductively active bats during early pregnancy. Although ambient temperature is one 
of the most important factors influencing prey availability for aerial insectivores 
(Anthony et al., 1981), precipitation appears to have a stronger influence on sex ratio. 
151 
The strength of this correlation suggests that the major influence on population-wide birth 
sex ratio in this species is density-independent environmental conditions. In other female 
philopatric systems, males are more sensitive to environmental conditions whereas 
females are more sensitive to social (density-dependent) conditions (Wasser & Norton. 
1993 ). If this is also true forM lucifugus, then the male-biased sex ratios seen in ·bad· 
years are consistent with both their lower production cost and increased sensitivity to 
environmental stress. 
4.6 CONCLUSION 
Taxa with genetic determination of sex at conception have a markedly reduced 
ability to alter birth sex ratio (Chamov, 1982). However, the high level of parental 
investment required in mammalian reproduction, in addition to the lar~e impact birth sex 
ratios can have on population dynamics (Girondot & Pieau, 1993 ). can produce non-
Fisherian sex ratios. The results of the present study suggest that lv(mris luc~{ugus. a 
small temperate insectivorous bat, has birth sex ratios that result in more daughters being 
born early and more males born late in the reproductive season. In addition, more males 
are born in years with high April precipitation. As precipitation prevents foraging in 
insectivorous bats, these results are consistent with an increased cost of successfully 
raising female offspring in this species; the increased costs being due to a longer period 
of maternal care, female-biased size dimorphism, and female philopatry. 
The lack of influence of body composition on birth sex ratio suggests that this 
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species does not rely on fat reserves to predict maternal investment levels. The low fat 
content of this species, and the fact that most of the energy for reproduction comes from 
assimilated resources rather than body reserves, suggests that environmental parameters 
that influence foraging opportunity and insect availability would be more reliable 
predictors of potential maternal investment The fact that more males are born in vcars 
with high April precipitation supports this conclusion, as precipitation prevents foraging 
in insectivorous bats. 
Reproductive parity and maternal age were also found to intlucnce sex ratio m tht: 
present study. such that yearling primiparous females produced male offpspring. 
However. the small sample size prevented isolating the. effect of these two variables. 
Thus, small temperate species such as M lucifugus appear to be able to compensate for 
the genetic determinism imposed by phylogenetic constraint by relying ~m environml..'ntal 
predictors of foraging opportunity. By producing femal:es earlier. mothers may impro\'c 
the overwintering survivorship of the young substantially. 
, The mechanism by which the mothers make these sex ratio adjustments has not 
been s~udied. For most temperate bat species, mating occurs in autumn prior to 
hibernation and spermatozoa are stored in the female reproductive tract until ovulation, 
fertilization. and implantation in the spring (Oxberry, 1979); consequently, premating 
mechanisms for sex ratio adjus~ment, if they exist at all,' are unlikely to be adaptive. 
Furthermore, because M lucifugus gives birth to a single pup, postnatal mechanisms that 
rely on culling or differential juvenile mortality would not be adaptive. Thus any 
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mechanism must o~cur before parturition; specifically, differential sperm survivorship or 
embryonic resorption. In the absence of polyovulation in M lucifugus (Wimsatt & Parks. 
1966 ). embryonic resorption results in the cessation of reproductive activities for that 
individual. The high reproductive rate of females obser:ved in maternity colonies (96°·o: 
Chapter 5) does not preclude the possibility that a fraction of the females forego 
reproduction in a given year by leaving the maternity colony and adopting a ·male· li fc 
history in order to conserve energy and maximize fat storage for overwinter survivaL In 
fact. e\·idence from the present study (Chapter 6) suggests that a large percentage l)f 
yearling females do not return to the maternity colony their first year. Given the potential 
longevity of adult females, this strategy would increase lifetime reproducti\·e success if it 
increased the probability of offspring survivorship in the following year. 
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Onychomys /eucogaster ..[, Sikes, l996b 
Order Pinnipedia 
lvlirozmga angustirostris ..[ LeBouef & Reiter, 1988 
Order Artiodactyla 
C ervus e/aphus ..[ Clutton-Brock et al.. 1981 
..[ Clutton-Brock et al., 1982 
..[ Clutton-Brock et al., 1986 
..[ Clutton-Brock et al., 1988 
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Table 4-2: Evidence for Condition-Dependent Sex Allocation in Mammals. 
-c .... a:i 
.S! E 
-
.-: «.) 
t) 
-~ «.) t) c.. c c;.;; E ~ Ul 0 "2 
"E u Ul 
..:g «.) t) 
- ~ ~ ~ =' =' 0 0 
~ rn rn «.) IU 
rn 0:: 0:: 
a.. 
«.) :; :; 
> t) t) 
Species •t: I 0 0 Reference E- . -l -l 
Order Marsupialia 
Amheclzinus stuartii + Cockburn. 1994 
Didelphis marsupia/is + I Austad & Sunquist. 1986 
Order Primates 
multiple species •+ Johnson, 1988 
multiple species I+ Hiraiwa-Hasegawa. 1993 
multiple species . + van Shaik & van ~oordwijk, 
multiple species '+ 1983 
Silk. 1983 
Ate/es paniscus + Symington. 1987 
Galago crassicaudatus + Clark. 1978 
Homo sapiens + Bereczkei & Dunbar. 1 997 
+ Margulis et al.. 1993 
Afacaca mu/atta ,_ Drickamer. 1974 
i+ Simpson & Simpson, 1982 
Order Rodentia 
1\.-farmota flaviventris - Armitage, 1987 
Aficrotus oeconomus + Aars et al., 1995 
Microtus townsendii ;+ Lambin, 1994 
Mus musculus + Krackow & Hoeck, 1989 
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Neotoma jloridana - Sikes, 1996b 
+ McClure, 1981 
Ondatra zibethicus + Caley et al.. 1988 
Onychomys leucogaster - Sikes. 1996b 
Order Carnivora 
Canis lupus - Mech. 1975 
Crocuca crocuta + Holekamp & Smale. 1995 
Order Pinnipedia 
Ji.-firounga angustirostris - Le Boeuf et al.. 1989 
Order Artiodactyla 
Bison bison + Rutberg, 1986 
\Volff. 1988 
Capreolus capreolus + Hewison & Gaillard, 1996 
C ervllS e/aphus + Clutton-Brock et al., 1984 
+ Clutton-Brock et al.. 1982 
- Guinness et al.. 1978 
Cen·us spp. + Gomendio et al. 1990 
Odocoileus virginianus + Venne, 1969 
Odocoileus spp. + Caley & Nudds. 1987 
Rangifer tarandus + Skogland. 1986 
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Table 4-3: The Lack oflnfluence of Reproductive History in the Offspring Sex Ratio of 
the Little Brown Bat, Myotis lucifugus (X2 = 0.4, p > 0. 95). 
Second Y ear• Male Female Total 
•First Year 
Male 7 9 16 
Female II 14 J-_, 
Total 18 23 41 
Table 4-4: Influence of Precipitation and Temperature on Annual Variation in Offspring Sex Ratio in the Little Brown Bat 
Myotis lucifugus. 
Response Variable Environmental Variable (X) Regression Equation R2 adJ. F ldO value 
Offspring Sex Ratio Total days withpreciQif!ltion in AJlril. = 25.47 + 1.97(X) 0.93 Fn,41 = 52.52 * 
Offspring Sex Ratio Total days with precipitation in April = 25.87 + 2.08(X 1)- 0.05(X2) 0.99 F12,41 = 943.60 "' 
(XI) 
Total hours of precipitation in May (X2) 
. ·--- ~ 
Offspring Sex Ratio Total days in June below 5 (T = 51.01 - 2.58(X) 0.77 F11 ,,.1= 14.21 
Offspring Sex Ratio June mean monthly minimum = 6.37 + 3.84(X) 0.73 Fn.41 = 13.40 
temperature 
·-· 
* F test, significance p <a' (0.006) 
! 
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Table 4-5: Observed Conception (1 °), Birth (2°), and Weaning (3 °) Sex Ratio in 
Selected Mammalian Taxa ( d'=male-bias, ~=female-bias, U=unbiased). 
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Qj 
,... 
c ,... 
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0 0 
-
u CIS 
0:: 
;.( en 
~ 
·= Cl:l c:l c.. 
0 
.2 
~ 
-c. := 
Species >. 0:: Reference E- ;.( 
Order Marsupialia Cl:l \..., 
0 
Didelphis marsupia/is 20 ~ I Austad & Sunquist. 1986 
-Setonix brachyums 20 tf Shield, 1962 
'"' 
Trichosurus volpecu/a r ~ Hope, 1972 
Order Chiroptera 
Eptesicus fuscus 20 u Mills et al., 1975 
r d' Holroyd. 1993 
1\Jyotis griscensens 1 ~ d' Krulin & Sealander. 1972 
A{votis lucifugus 20 u Humphrey, 1971 
2"= u Schowalter, et al. 1979 
20 ~ Cagle & Cockrum, 1942 
30 ~ Humphrey, 1971 
Myotis velifer r u Kunz, 1973 
Phy/lostomus hastatus r d' Stem, 1996 
Pipistrel/us subjlavus 30 d' Hoying & Kunz, 1998 
Plecotus auritus 20 ~ Stebbings, 1966 
Rhinolophus ferrunequinum 20 d' Ransome & McOwat, 1994 
Order Primates 
Ateles paniscus 30 i Symington, 1987 
Cebus olivaceus r ~ Robinson & O'Brien, 1991 
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Galago crassicaudatus 20 d' Clark, 1978 
Homo sapiens 1 <) d' Guerrero, 1970 
10 ' d' Beiles, 1974 I 
1 c d' McMillen, 1979 
2~ d' McMillen, 1979 
20 ~ 2 Guerrero, 1970 
20 d' liuljapurkar et al., 1995 
20 d' Beiles, 197 4 
2c d' James, 1971 
2c ~ Dickinson & Parker, 1994 
I 
2c ~ 3 Bereczkei & Dunbar, 1 997 
I 
Macaca mulatta I 1 ::l ~ DiGiacomo & Shaughnessy. 
I 
2c u 4 1979 
2= u I Small & Smith, 1985 
2" u Small & Hrdy, 1986 
2c u Berman, 1988 
I 
2c ~ Rawlins & Kessler, 1986 
' DiGiacomo & Shaughnessy, 
1979 
Macaca radiata 20 d' 1 Smith et al.. 1996 
2" I ~ Silk, 1988 
Macaca sinica 2" u Dittus, 1979 
2" c Dittus. 1977 
Pan troglod_vtes 2~ ~ Hiraiwa-Hasegawa et al., 1984 
Presbytis emellus 20 :U Rajpurohit & Sommer, 1991 
Theropithecus gelada r u Altmann, 1980 
Order Lagomorpha 
0fl)lctolagus cuniculus 20 u Trout & Smith, 1995 
Order Rodentia 
Marmota mona."C zo ;d' Caley et al., 1988 
~fesocricetus auratus 1 0 u Sundell, 1962 
zo I d' Clemens & Witcher, 1985 
Myopus schisticolor 10 ~ Stenseth, 1978 
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Xerus inauris zo ' u Waterman 1996 
Order Carnivora 
L_vcaon pictus r u Creel et al., 1997 
Ursus maritimus 2" ·, u Kolenosky & Strathearn. 1987 
Order Pinnipedia 
Arctocephalus gazella 2" ; u Boyd & McCann 1989 
Halichoents gl}pus 2~ 
' 
u Kovacs & Lavigne 1986 
Mirozmga angustirostris 20 a- Le Boeuf et al.. 1989 
3 J u Le Boeuf et al.. I 989 
Order Perrisodactyla 
Diceros bicornus 2" ' u Berger & Cunningham. 1995 
Order Artiodactyla 
Cervus elaphus I 0 I a- Green, 1950 
2" ~ Smith et al., 1996 
2° I u Guinness et al., 1978 
2" I u Hudson et al., 1991 
Cervus canadensis 20 u Flook, 1970 
Hemitragus jemlahicus 2: u Pare et al., I 996 
Oreamnos americanus zc u Stevens, 1983 
Rangifer tarandus ")C u Thomas et al., 1989 
30 ~ Skogland, 1986 
Sus scrofa 2~ a- 4 Parkes, 1925 
I. Food-provisioned populatton 
2. Artificial insemination 
3. Diseased or sick population 
4. Captive population 
CHAPTER FIVE 
THE INFLUENCE OF SEASONAL VARIATION 
ON REPRODUCTIVE TRAITS 
5.1 ABSTRACT 
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Environmental effects are the most obvious influence on mammalian 
reproduction. The impact of environmental effects on the reproductive strategy of the 
little brown bat, A{l·otis lucijitgus, was investigated at a maternity colony in ~e\v 
Hampshire. Reproductive rate. timing, and within-season reproductive synchrony all 
showed stgnificant annual variation which could be explained by variation in either 
temperature or precipitation. During a five-year study, the reproductive rate for adult 
females averaged 93.8%. whereas the reproductive rate for yearling females was only 
l2.5°'o. Tht! parturition period was normally distributed, with 3 7.6% of the females at the 
maternity roost giving birth during the peak parturition week. Both reproductive rate and 
reproductive synchrony were significantly influenced by spring temperatures. Annual 
differences in reproductive timing were correlated with spring precipitation. but not 
temperature: however, the lack of influence of temperature may have been due to the lack 
of significant between-year variation in temperature throughout the study. Maternal age 
and offspring sex, but not body condition, appeared to influence the timing of 
reproduction as well. Variation in growth rate between years was smaller than that 
between individuals. In addition, both birth-timing dependent and sex-dependent growth 
rates were observed, with higher growth rates occurring in both early-born and female 
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young. Observations that females are born earlier, have faster growth rates, and a longer 
period 0f parental care suggest a higher cost for producing female offspring in 1\.f. 
lucifugus. 
5.2 INTRODUCTION 
Environmental variation. particularly temperature, precipitation, photoperiod. and 
food resources. has a strong influence on the reproductive strategies of temperate 
mammals (Vaughan. 1986: Clutton-Brock et al., 1988, Daan et al.. 1988: Bronson. 1989: 
Honan & Rowsemitt. 1992; Enoksson, 1993; Schoech, 1996). The relative role of 
extrinsic and intrinsic factors on reproductive plasticity is important for understanding the 
behavioral and physiological adaptations that exist in temperate species. Reproductive 
success can be increased by synchronizing reproductive costs with variations in food 
availability or risk of adverse climate (Rutberg, 1987; Nager & van Noordwijk. 19951. 
Thus. reproductive timing should be one ofthe many important components in the life-
history strategy of temperate species. 
High levels of reproductive synchrony characterize many mammalian populations 
that breed in temperate regions (Bigg, 1984; Tyler, 1987). The most widely cited 
advantage of reproductive synchrony is as a mechanism for reducing mortality of 
offspring by predation (O'Donoghue & Boutin, 1995). Reproductive synchrony is also 
considered an adaptation to environmental seasonality. For many species, the relative 
role of these two influences can not be isolated (Ims, 1990). Reproductive synchrony can 
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also be influenced by intrinsic factors such as maternal age and body condition (Venne, 
1965; Holroyd et al., 1983; Birgersson & Ekvall, 1996). For females. early reproduction 
can lead to higher payoffs in terms of reproductive success, but often at an increased risk 
of mortality (Iwasa & Levin. 1995). Reproducing late, however, often results in reduced 
offspring survivorship (Drickamer. 1974; Clutton-Brock et al., 1988; Festa-Bianchet. 
1988; Ollason & Dunnet, 1988; Rhine et al., 1988; Wasser & Norton, 1993: Boness et al.. 
1995; Andersen & Linnell, 1997). Both skewed (Asher & Adam, 1985; Festa-Bianchet, 
1988; Boness et al.. 1995) and normally-distributed (Ransome & McOwat, 1994; 
O'Donoghuc & Boutin, 1995) parturition periods are common among mammals. 
suggesting that the distribution of variation may also be an important component of 
reproducti,·e synchrony. In addition to reproductive parameters in females. seasonal 
variation can also influence growth rate and survivorship in the offspring. 
Postnatal growth rates of mammals are influenced by many extrinsic factors. 
including temperature (Bronson. 1989), food availability, and seasonality (Case, 1978; 
Kunz & Stem. 1995). In addition. postnatal growth rates may be influenced by intrinsic 
factors such as maternal condition (Powell, 1973; Myers & Master, 1983; Birgersson & 
Ekvall, 1996) and maternal age (Myers & Master, 1983; Green, 1990; Kunz & Hood, 
1999). In populations that reproduce within the constraints of a short breeding season. 
failure to obtain adequate growth rates can negatively influence yearling survivorship 
(Holroyd, 1993; Abrams et al., 1996). Less severe reductions in postnatal growth rates, 
however. can still prevent young from attaining sexual maturity, and thus can affect 
reproductive rate (Engen & Saether. 1994; Bronson, 1995; Pyle et al.. 1997). Thus. 
environmental variation that impacts one component of reproduction may have a 
cascading effect on other life h•story and reproductive traits. 
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Seasonal va,riation in reproductive phenology is one aspect of phenotypic 
plasticity. Phenotypic plasticity contains both contingent and adaptive sources of 
variation (Nager & .van Noordwijk. 1995) and can markedly affect reproductive success 
(Altmann. 1980). However, most fitness models fail to account for phenotypic plasticity 
in reproductive parameters (Benton & Grant. 1996). Similarly, intraspecific and inter-
annual variation is too often ignored in population models that treat life history and 
reproductive traits as constants.: For example, both intraspecific and annual variation in 
postnatal growth rates occur (Tuttle & Stevenson, 1982; Kunz & Stern, 1995; Kunz & 
Hood. 1999). yet few studies have been conducted to determine the life-history 
consequences of this variation. ~one of the major goals of the present study was to 
examine the role of~seasonal variation on reproduction in a small temperate bat. Jf\·otis 
lucijitgus. 
Several attributes of temperate bats make them ideal subjects for studies of 
reproductive seasonality. Temperate bats have a high level of reproductive effort per 
young (iKunz, 1987), including the production of large offspring (22% of adult size at 
birth compared to 7.8% in other mammals: Kurta & Kunz, 1987; Hayssen & Kunz. 1996) 
that are weaned at a larger relative size (90% adult size at weaning compared to 3 7% in 
other mammals: Barclay, 1995) than terrestrial mammals. Among mammals, temperate 
bats provide a unique opportunity to study the influence of environmental temperature 
variation on reproductive timing because of their use ofheterothermy (Racey, 1982). 
Because predation does not significantly affect mortality rates in temperate bats. 
investigations of reproductive synchrony in this taxa focus on the influence of 
environmental seasonality and individual variation. 
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In response,to low resource availability iteroparous species often adopt resource-
dependent reproductive strategies. such as delayed reproductive maturity and reduced 
reproductive rate (Bronson, 1995). Competition for resources between growth. 
maintenance. and reproductive development is under strong selective pressure (Pyle ct at.. 
1997) and this is particularly true for small mammals, such as bats, which have high 
thermoregulatory costs (Bronson & Rissman, 1986). Because temperate bats rely on a 
,·ariety of adaptations to conserve energy, including daily torpor and hibernation. they 
should be extremely sensitive, and responsive, to variations in food. 
High reproductive effort and responsiveness to environmental variation should 
create variation in reproductive timing between years and high reproductive synchrony 
within years. For temperate bats, reproductive synchrony also allows reduced 
thermoregulatory costs, as the small, naked offspring can cluster at night while their 
mother forages (Kunz, 1973; Webb et al., 1996). Reproductive timing depends on 
implantation in early spring and the ability of the mother to maintain euthermic body 
temperatures throughout gestation. As both of these events are influenced by the 
availability of food (Stack, 1985), variation in body condition is an important source of 
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within.,.season variation in reproductive timing (Horton & Rowsemitt. 1992). 
5.3 MATERIALS AND METHODS 
A maternity colony of little brown bats, Myotis lucifugus, was monitored once or 
twice a week during the summers of 1993 through 1997' (from late April until they 
dispersed in mid-August). The colony was located in a bam and adjacent shed in 
Peterborough. New Hampshire ( 42 ° 51 'N. 71 o 57'W). Individual bats were taken from 
their roost hetween 0500 h and 0700 h, placed together in nylon mesh bags. and 
transported to a field laboratory (Sargent Camp, Boston University) where sex was 
determined and body mass (g) and length of forearm (mm) of each bat were measured. 
Reproductive condition of fem~les was assigned as pre-reproductive (captured in April-
\tay before a fetus was detectable by palpa~ion). pregnant (second half of pregnancy 
when palpation of a fetus is reliable). lactating, or post-lactating based on the critl.!ria 
given by Racey ( 1988). For juveniles, total length of epiphyseal gap of the fourth 
metacarpal of the right wing was measured to the nearest 0.02 mm by placing the 
outstretched wing on a dissecting microscope and viewing the transilluminated joint with 
an ocular micrometer (Kunz & Anthony, 1982). These mensural data were used to 
estimate body composition (total lean mass,, total body water, and total body fat) and 
mass-specific body composition (fat index, water content, lean mass! index) using 
equations in Chapter Four. Bats were then returned to a holding bag, returned to the 
study site, and individually released into their roost. 
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Cross-sectional growth rates were obtained by calculating the mean length of forearm for 
all young captured at each sampling event. This value was then regressed against date of 
sampling to generate cohort growth rates. Longitudinal growth rates (R) were obtained 
by generating growth trajectories using the method of McOwat & Andrews ( 1995 ): 
(Lz- Lt) 
R = -(-12---tt-) (Equation 5-l ) 
where Landt are the size and time at capture (1) and recapture (2}. Predicted changes in 
legnth of foreann were generated using the equation for growth rate of forearm length of 
Kunz & Anthony. ( 1982). Reproductive rate was measured as the percentage of adult 
females that were reproductively active (pregnant, lactating, or post-lactating) once the 
parturition period had begun. Reproductive synchrony was defined as the percentage of 
births that occurred during a seven-day birth peak, 3 'lz days on either side of the 
population mean birth date. 
Meteorological data were obtained from National Weather Service records 
collected at the Edward MacDowell Lake Station located approximately 10 km northwest 
of the study site. Data from April through August of each year were used to calculate 
mean monthly maximum and minimum temperatures, days of snow cover in April. 
monthly total accumulation (mm), days with greater than 1.3 mm (0.05 in) of 
precipitation, days with minimum temperature below 5°C, days with maximum 
temperature above 27°C, and total hours of precipitation from 1900 h to 0400 h. In 
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addition to monthly totals. a seasonal total was calculated for each variable by summing 
monthly totals from April through August. 
Statistical analyses were performed using the SAS statistical package (SAS. 
1990). Correlation analysis was performed1on the meteorological data to investigate the 
independence of the variables. These data were then used as independent variables in a 
forward. step-wise: multiple regression using reproductive rate, birth synchrony. and date 
of birth as dependent variables. Curvilinear relations were transformed using a second-
order regression model (using X and X2 as independent variables). The distribution of 
parturition events was compared to the normal distribution using a Shapiro-Wilks 
goodness-of-fit test (Sakal & Rohlf, 1981 ). A two-sample paired t-test was used to 
compare growth rates obtained !Using the cross-sectional and longitudinal methods, as 
well as to compare annual mean parturition dates between male and, female offspring. 
Annual variation in mean parturition date and growth rate was tested using an analysis of 
variance. :\ goodness of fit test (single sample t-test) was used to test for annual 
variation in reproductive rate, reproductive synchrony. temperature, and precipitation by 
comparing individual years to the mean value of the other four years (Sakal & Rohlf. 
1981 ). A single sample t-test was also used to test for monthly variation in temperature 
and precipitation within a season by comparing individual months to the mean value of 
the other four months. Analysis of variance was also used to compare annual variation in 
growth rates. 
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SA RESULTS 
5A.l Environmental Variability 
1996 was the wettest year, with over 180 more hours of precipitation ( 135%) and 
248.9 mm more precipitation (78%) than the driest year (1993), although 1998 had only 
five more days with precipitation. 1995 had intermediate levels of precipitation: 
however. it received the fewest hours of evening precipitation and the fewest evenings 
with more than four hours of precipitation (Table 5-l ). 1997 was the coldest year and. 
compared \Vith the warmest year ( 1993), had 16 more days with a minimum temperature 
below 5 oc and 55 fewer days with a maximum temperature above 27°C. Mean daily 
minimum or maximum temperatures differed very little between years. 
Precipitation declined across the reproductive season. with August averaging 69% 
less total hours of precipitation. four fewer days with precipitation. and 38'% less total 
precipitation (mm) than April (Table S-2). April was the coldest month. averaging almost 
17 days \Vith a minimum daily temperature below 5 oc. July was the wannest month. 
with 20 days having a maximum temperature above 27"C. The mean daily minimum 
temperatures increased 15.1 "C from April to July and the daily maximum increased 
15.0 :c. 
5.4.2 Reproductive Rate 
The reproductive rate for all females across the five years of study was 93.8%. 
Restricting the analysis to original captures (to maintain independent samples) did not 
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affect the estimated reproductive rate (Table 5-3). The reproductive rate. using original 
captures. was significantly correlated with the mean monthly temperature in June (Figure 
5-1: r = 0.81. p < 0.05). 1997 had a significantly higher reproductive rate than any other 
year during the present study (98.1 %: t = 3.80, p < 0.05 }. The reproductive rate of 
yearlings was only 12.5% ( l of 8); this rate does not account for the observation that 57% 
of young that were banded and 1recaptured in subsequent years were not captured in the 
maternity colony as yearlings. 
5.4.3 Reproductive Timing 
The mean date of parturition over the five-year study was June 24 (Table 5-4). 
Parturition events were normality distributed in 1996 and 1997 (W > 0.977. p > 0.20). but 
not in 1993 through 1995 (W <'0.973, p < 0.05). However. skewness \vas minimal is all 
study years 1 Figure 5-2) and median parturition dates were within 0.5 days of the mean 
parturition date in each of the fiwe years; consequently, mean parturition dates were used 
for C!ll analyses. Between years, the mean date of parturition varied by up to 1 0 days. 
with 'early years· ( 1993 and 1995) being significantly different from 'late years· ( 1996 
and 1997). 
Reproductive timing was influenced by total precipitation during April and May 
(Figure 5-3: r = 0.75. p < 0.05). In particular, the two early years had significantly less 
precipitation than the other three years of the study (128.5 mm vs. 273.7 mm: t = 4.65, p 
< 0.05). Overall, females were born one day earlier than males over the five-year study (t 
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= 2.13. p < 0.03 ); although the mean parturition date of females was earlier in each of the 
years. the difference was only significant in 1997 (Table 5-4). 
After controlling for parturition date, body composition did not differ between 
mothers of male and female offspring (t s0.81, p 2: 0.24). Also, reproductive timing was 
not repeatable, as females were not consistently early or late in their relative parturition 
date (X: = 0.02, p = 0.89, n = 12). However females for which multiple parturition dates 
were known gave birth relatively earlier in their second parturition event (~.3 :::: -+.5 days 
before the mean) relative to their first parturition event (2.6 ± 5. 7 days after the mean: t = 
2.21. p < 0.05). 
5.-+..+ Reproductive Synchrony 
During the five year study, 37.6% of all births occurred within 3.5 days of the 
mean parturition date (Table 5-3). The 1993 season had a significantly higher level of 
reproductive synchrony, with 52.3% of all births occurring within a seven-day span ( t -= 
12.26. p < 0.01), whereas 1994 and 1995 both had significantly lower levels of 
reproductive synchrony (31.2% and 26.9%, respectively). The level of reproductive 
synchrony was correlated with the mean monthly maximum temperature in May (Figure 
5-4: r = 0. 70. p < 0.05), although this relationship did not meet the multiple-
comparisons criteria ofp < 0.006. 
5.4.5 Annual Variation in Growth Rate 
5.4.5.1 Longitudinal Growth Rates 
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Postnatal growth rates were calculated based on the growth trajectory of banded 
young recaptured during the linear growth phase (forearm length< 33.5 mm). The mean 
growth rate for length of forearm and body mass calculated using this method were 1.27 
mm/day and 0.18 glday, respectively (Table 5-5). The significant difference in growth 
rate between years was the result of low growth rates for 1993 and 1997 (Figure 5-5); 
however, these rates were based on small samples (n s 8). Excluding data from 1993 and 
1997 resulted in a mean growth rate of 1.35 mm/day (± 0.40) and 0.19 glday (± 0.11) for 
length of forearm and body mass, respectively. None of the environmental parameters 
were correlated with either mean growth rate for length of forearm or body mass. In 
addition to annual variation in growth rates. both seasonal variation and gender 
influenced the postnatal growth rate. 
Individuals that were born early in the birth period had higher growth rates. 
although the difference was only significant for length of forearm (Table 5-6). The 
difference remained significant when the 1993 and 1997 data were excluded (t = 2.04, p < 
0.05). The difference in birth timing-specific growth rates was greatest in 1995 ( 1.63 
mm/day vs 1.32 mmlday) although the difference only approached significance (t = 1.75, 
p = 0.09). Moreover, females had higher growth rates for length of forearm and body 
mass than males; again, the difference was only significant for length of forearm (Table 
5-7). The difference in gender-specific growth rates approached significance when the 
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1993 and 1997 data were excluded (t = 1.96, p = 0.06). Although females had a higher 
growth rate for length offoreann in each ofthe study years. significant yearly variation 
occurred in the magnitude of sex-specific growth rates (F = 5.88 . p ~ 0.01 ). The 
difference in gender-specific growth rates for length of forearm was greatest in 1995 
(1.61 mm/day vs L30 mm/day) although the difference only approached significance (t = 
I. 72, p = 0.1 0). There was no interaction between birth-timing and gender effects on 
growth rate. 
5.4.5.2 Growth Rates from Cross-Sectional Samples 
Growth rates were also calculated using the mean length of forearm during the 
linear growth phase for all young regressedlagainst the date of capture to develop a cohort 
growth curve (Figure 5-6). The, growth curves were characterized by a period of no 
apparent increase in mean length of forearm (lasting up to 10 days), followed by a period 
of linear growth with an asymptotic value approaching adult forearm size. Growth rates 
for length of forearm using this method were significantly lower than growth rates 
obtained using the longitudinal method (t= 3.11, p< 0.04: Table 5-8). 
5.4.5.3 Comparisons of Growth Rates with Kunz and Anthony ( 1982) 
Postnatal growth rates obtained in the present study using longitudinal sampling 
were significantly lower than growth rates forM. lucifugus in another population in New 
Hampshire (Kunz & Anthony, 1982); excluding the 1993 and 1997 data, body mass (0.19 
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g/day vs. 0.36 glday) and length of foreann length (1.35 mm/day vs. 1.59 mrnlday, t= 
1 0.39,p< 0.01 ). Using days since prior capture as the time unit, the 10bserved increase in 
length of forearm was significantly less than predicted by Kunz & Anthony ( 1982 ), as the 
slope was significantly greater than 1.0 (Figure 5-7: F= 102.9, p< 0.01 ). 
5.5 DISCUSSION 
5.5.1 Reproductive Rate 
Reproductive rates derived in the present study were similaNo those reported for 
/v(mtis lucifugus by Schowalter et al. ( 1979), but 10\ver than rates (97% - 100%) obtained 
by Humphrey and Cope ( 1976). The lower rates may be due to the classification of ·non-
reproductive' females in the present study. Histological1 examination of these females, 
similar. to Cagle & Cockrum (1942), may have revealed ,that females classified as ·non-
reproductive' in the present study were in fact pregnant with small embryos, or had 
regressing corpus lutea characteristic of stress-induced embryonic resorption or abortion. 
The reproductive rate was positively, correlated with increasing ambient 
temperature in June. Although precipitation during early spring has been shown to 
negatively affect reproductive rates in Myotis lucifugus (Grindal et al., 1992), I know of 
no other data showing similar eWects of temperature. Because reproductive females are 
into the second half of pregnane¥ by June, cooler spring temperatures are unlikely to 
increase the level of embryonic resorption. Moreover, there is no evidence of increased 
levels of spontaneous abortions during cooler springs. Although cool temperatures may 
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depress the reproductive physiology of adult females, this correlation is probably an 
artifact of the influence of ambient temperatures on reproductive synchrony. Lower 
levels of reproductive synchrony are reflected by an extended parturition period. Owing 
to the method of classifying reproductive condition in the present study, possibly more 
early pregnant females were mis-categorized as non-reproductive in years with cool 
springs. Although non-destructive techniques to assess, reproductive condition have been 
developed. including radioimmunoassay of endocrine metabolites in urine and feces 
(Monfort et al, 1993 ), these procedures are not yet practical for small mammals. 
In addition to annual variation, reproductive rates differed dramatically between 
adults and yearlings. The reproductive rates for yearlings are much lower than adult 
rates, and lower than yearling rates previously reported forM lucifugus (Davis & 
Hitchcock. 1965; Humphrey, 1971; Schowalter et al., 1979) and another vespertilionid. 
Eptesicus fuscus (Holroyd, 1993 ). The reproductive rates of yearlings in the present 
study may be underestimates due to small sample size (8 individuals). Moreover, 
because yearling females typically have late parturition dates (Cagle & Cockrum, 1942), 
they are more likely to be mis-classitied as man-reproductive by the criteria used in the 
present study. However, over halfofthe banded young1that were recaptured as adults 
were not observed in the maternity colony as yearlings. 1These 'truant yearlings', if 
included in the estimate of yearling reproductive rates, emphasize that yearling M 
/ucifugus have a lower reproductive rate than adult females. The high rate of truant 
yearlings, and the fact that no adult males were ever captured at the maternity roost, 
supports the assumption that maternity colonies are limited to reproductively-active 
females (Davis & Hitchcock, 1965, Schowalter et al., 1979). 
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Low reproductive output of yearlings is a common characteristic of many 
iteroparous mammals (Steams.; 1992). This is particularly true for small, seasonal 
breeders such as temperate bats, where attaining sexual maturity has a low priority 
relative to survival (Bronson & Rissman, 1986). The lower reproductive rate in 
yearlings of M. lucifugus may reflect the fact that yearlings have lower levels of body fat 
than adults when they emerge from hibernation in spring and sexual maturity is more 
dependent on physiological constraints (sudh as skeletal maturity and body fat) rather 
than age (Frisch, 1984~ Pollard, 1994 ). Seasonal variation in resources may result in 
yearlings having a more variable reproductive rate than adults. This reduced reproductive 
rate may be due to a failure to ovulate in spring or an increased frequency of embryonic 
resorption following nutritional stress. 
5.5.2 Reproductive Synchrony 
Most bats have high levels of reproductive synchrony (Davis, 1969; Racey & 
Swift, 1981; Webb et al., 1996; Hoying & Kunz. 1998). Myotis lucifugus, however. is 
considered to have lower levels;ofreproductive synchrony (O'Farrell & Studier, 1973) 
due to an extended parturition period that may last seveml weeks (Tuttle & Stevenson, 
1982). Although the five-weekparturition period observed in the present study is low for 
temperate bats, the level of synchrony that we observed would be considered 'highly 
synchronous' in comparison to studies in large mammals (Trites, 1991; Linnell & 
Andersen. 1998 ). 
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Given the apparent advantages of reproductive synchrony, such a long parturition 
period in M. lucifugus is surprising. The absence of a highly synchronous parturition 
period suggests that I) only weak selection is acting on reproductive synchrony; 2) 
individual females vary in the ability to detect and/or respond to intrinsic or extrinsic 
factors that influence reproductive timing, or 3) other factors are reducing the impact of 
low synchrony. 
Reproductive synchrony is likely to be under strong selection pressure, given the 
trade-off between fitness costs to the mother by breeding too early and survival costs for 
the offspring of being born late. Individual variation in the ability to respond to 
environmental predictors (behavioral or physiological) could influence the timing of 
reproduction. and is worthy of further study. In addition. the influence of colony size on 
reproductive synchrony should be investigated (Kwu, pers. comm. ). 
If the primary benefit to high reproductive synchrony was the reduction of 
thermoregulatory costs by the mother and offspring (through clustering}, then the 
selective advantage of high reproductive synchrony would be larger for species that fonn 
small colonies, since less conspecifics are available for clustering. Offspring from 
species that form large colonies, such as M. lucifugus, would be able to cluster with 
similarly-aged offspring throughout most of the reproductive period. If thermoregulation 
has an influence on reproductive timing, than we would predict a negative correlation 
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between reproductive synchrony and colony size in populations of lvl. lucifugus. 
Although reproductive synchrony is known to increase with delayed reproductive timing 
in Spermophi/us richardsonii (Michener, 1977), there was no evidence in the present 
study to suggest a correlation between these two traits. 
5.5.3 Reproductive Timing 
The mean parturition date in the present study was 24 June. This mean varied by 
as much as 10 days over the five-year study. A similar level of annual variation ( fi\'e 
days over two years) has been observed in the eastern pipistrelle bat Pipistrellus 
subflavus (Hoying & Kunz. 1998), as well as other temperate (Racey, 1973; Racey & 
Swift, 1981) and tropical bats (Thomas & Marshall. 1984) and other terrestrial mammals 
(Mitchell & Lincoln. 1973; Adams & Dale. 1998). The earliest pup captured in the 
present study was a 5-day old female (length of forearm = 23 mm) captured on l 0 June. 
1995. This is similar to the earliest recorded birth observed in M lucifugus in other 
northeastern (07 June: Davis & Hitchcock. 1965; Fenton. 1970) and northwestern ( 15 
June: Schowalter et al., 1979) populations, but slightly later than populations from 
Colorado (before June: Adams, 1988) and substantially later than populations from 
Illinois ( 18 May: Cagle & Cockrum, 1942). These differences, however, are most likely 
due to latitudinal variation in reproductive timing common among mammals in general 
(Saether et al., 1996), and M. lucifugus in particular (Racey, 1982). Although between-
year variability in reproductive timing is much smaller than within-year variability, 
pooling reproductive data over several years can obscure important between-year 
differences (Findlay & Cooke, 1982) that may result from breeding plasticity. 
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Intrinsic factors, such as maternal age, parity, body condition, and offspring sex 
influence reproductive timing in mammals. In contrast to large mammals (Verme, 1965: 
Boyd & McCann, 1989; Birgersson & Ekvall, 1996), body condition did not influence 
reproductive timing in M. lucifugus. However, the study design did not adequately test 
this effect because the sampling protocol did not control for seasonal changes in body 
composition. Although Kunz ( 1973) reported the absence of age-dependent timing in 
M_vocis "'elifer, maternal age or maternal parity may have influenced! reproductive timing 
in the present study. First, the only banded 1yearling whose parturition date was known 
gave birth twelve days after the population mean parturition date. Secondly, in females 
where multiple parturition dates were known. relative timing advanced significantly by 5 
days in successive years. 
Although these observations cannot separate the effects of maternal age from 
reproductive parity, they are consistent with the general,theory that young females 
(Drickamer, 1974; Paul & Thommen, 1984; Anderson & Fedak, 1987; Boyd & McCann, 
1989; Verme, 1989; Kenagy et al., 1990; Trites, 1991; Enoksson, 1993; Lwm & Boyd, 
1993; Milligan & Brigham, 1993; Boyd, 1996) and primiparous females (Silk et al., 
1981; Paul & Thommen, 1984; Festa-Bianchet, 1988; Sehultz & Johnson, 1992; 
Birgersson & EkvaH, 1996) have later mean. parturition dates. Females that have an 
earlier parturition date (relative to the population mean of that year) in the second 
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parturition event compared to the first event were captured as adults. and therefore were 
of unknown age. However, the mean estimated life span in this population (2.1 years: 
Chapter Six) supports the conclusion that most of these females were yearlings or second-
year adults reproducing for the first time. Tooth wear data collected in 1998 suggests that 
most non-banded adults had unworn canine teeth and absence of tooth wear is typical of 
younger bats (Twente, 1955). Future recapture data collected at this site may allow 
separation of the relative impact of reproductive parity and maternal age and test the 
hypothesis that most non-banded females are primiparous. 
Another potential intrinsic influence on reproductive timing' is sex-biased 
production of male and female offspring; such gender-specific differences in the timing 
of parturition have been observed in several mammalian species (Stirling, 1971; Kent, 
1995). including the yuma bat 1\,f_votis _mmanensis (Milligan & Brigham, 1993 ). 
Ahhough the magnitude ofthersexual difference in mean birth dates in the present study 
is quite small (one day), it is statistically significant and consistent within each of the five 
years of the study. All other aspects of maternal investment being equal, this additional 
day of growth accounts for the roughly 2% sexual dimorphism in forearm size seen in M. 
lucifugus (Williams & Findley, 1979). 
Temperate bats use torpor to conserve energy on cold nights. However, females 
typically remained active over a region of intermediate temperatures (Grinevitch et al., 
1995; Hickey & Fenton. 1996). Similarly, M. /ucifugus may show high levels of 
individual variation in body temperature at low ambient temperatures (Studier. 1981 ). 
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This variation may be the result of differences in body condition or risk-sensitive 
behavioral strategies. Although maternal age and reproductive pari~y influenced \Vi thin-
year reproductive timing in the present study, the relative influence of physiological or 
behavioral differences is not clear. Recent advances in non-destructive body condition 
measurements may be helpful in isolating these two potential sources of individual 
differences that contribute to intrinsic variation in reproductive timing. Extrinsic factors. 
however, appear to be responsible for most of the annual variation in reproductive timing. 
Low ambient temperature increases the frequency of torpor in small temperate 
bats (Racey, 1973: Racey & Swift, 1981 ); this results in an increased length of gestation 
and delayed parturition (Holroyd, 1993; Hoying & Kunz, 1998). Thus. early spring 
temperatures are generally considered important in determining reproductive timing in 
heterothermic bats. Although such an influence of spring temperature has been seen in 
Rhinolophusferrumequinum (Ransome & McOwat. 1994; McOwat & Andrews. 19951. 
Pipistre/lus subjlavzts (Hoying & Kunz, 1998) and two species of Eptesicus (Rydell. 
1989; Holroyd, 1993). spring ambient temperature had no detectable influence on 
reproductive timing in the present study. However, this was due to a lack of adequate 
variation between years; specifically, total variation in mean monthly maximum and 
minimum temperatures for April and May was less than 2°C. Similarly, the total 
numbers of 'warm' and 'cold' days during April and May (with the exception of an 
extremely warm spring in 1996) exhibited little annual variation. As mean daily 
minimum temperatures in April and May were -2 oc and 4 oc, respectively, the post-
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hibemal bats were probably spending considerable time in torpor. The lack of influence 
by temperature suggests that other factors exhibiting more seasonal variation may 
influence reproductive timing. 
The present study found that precipitation exhibited higher levels of annual 
variation than temperature; this is consistent with previous comparisons of these two 
factors (Grindal et al., 1992). The annual mean parturition date was advanced by low 
precipitation levels in April and May. the period of spring emergence and early 
pregnancy. Precipitation in early spring delays reproduction in tropical bats (Heidemann. 
1995), as well as several species of temperate ;\'(\·otis (Grindal et al., 1992). April and 
May coincide with the lowest level of body fat in temperate bats (Pistole, 1989), and 
consequently, the lowest level of energy reserves. To maintain a positive energy budget, 
bats must reduce energy expenditure (through torpor) and increase energetic gains 
through foraging. The low minimum temperature in these months< -2 cc and 4 ce, 
respectively) makes torpor is an important part of energy conservation. As precipitation 
alters insect availability (Hoying & Kunz, 1998), \vet years result in delayed parturition 
because of an inability to forage successfully. 
The timing of reproduction is a product of the need to synchronize peak energetic 
needs with peak resource availability (Nager & van Noordwijk, 1995). Producing 
offspring earlier requires additional costs due to both an increase in energy expenditure 
and a decrease in resource availability. Given that 1) the parturition date is mostly 
dependent on the length of gestation and 2) that the frequent use of torpor by 
211 
heterothermic batsrincreases the length of gestation (Racey. 1973; Racey & Swift. 1981; 
Holroyd. 1993; Hoying & Kunz. 1998). for a female to have an earlier parturition date 
would require her to remain euthermic more often at a considerablerenergetic cost. The 
benefit to staying euthermic at low ambient temperature would be an advanced parturition 
date. Given that early-born offspring often: have a higher potential survivorship (Cooke et 
al.. 1984; Wasser & Norton. 1993 ). this •sttategy' would clearly influence reproductive 
success. However. if these additional costs deplete body fat. then early parturition may 
also represent a greater risk for reduced surVivorship. For small temperate bats. an 
extended period ofcold weather or precipitation in early lactation can produce 
survivorship risks to both the mother and the pup. In cqnclusion, reproductive timing can 
be viewed on two scales. The coarse-grain pattern reflects the need :to synchronize 
energetic costs with resource availability. nine-grain tuning of this pattern may reflect 
individual variation in the trade-off function between survival and reproductive success. 
5.5.4 .Growth Rates 
In the present study. postnatal growth rates in body mass were more variable than 
growth rates based on length of forearm. This is consistent with data from other 
temperate bats (Davis. 1969; Kunz & Anthony. 1982; Ransome. 1987; Hughes et al.. 
1995; McOwat & &d.rews, 1995; Hoying & Kunz, 1998). Several of the individual 
growth trajectories were negative. indicating that the individual had lost body mass since 
previous capture up1 to a week prior to recapture. We therefore conclude that body mass 
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is not a reliable indicator of age in young bats. Thus, growth rates in body mass will not 
be discussed further. 
Postnatal growth rates based on changes in length of forearm were obtained in the 
present study using both longitudinal and cross-sectional sampling. Cross-sectional 
growth rates were characterized by a logistic curve that contained a region where no 
detectable growth occurs (up to 10 days), followed by a1Iinear growth phase with high 
variability, and terminated with another non-growth phase as the young reach adult size 
(Figure 5-6}. [n contrast. longitudinal growth curves were characterized by a linear 
gro\\11h phase that became asymptotic at adult size. similar to curves1 previous published 
for .M. lu.cifugus (Kunz & Anthony, 1982). These two different approaches also 
produced significantly different growth rates. The lower growth rate estimates produced 
by the cross-sectional method a:re consistent with previous comparisons of these two 
techniques, and are generally considered to be the result of sampling bias towards smaller 
young that are slower and cannot escape capture ( Kunz. 1987). Longitudinal growth 
curves .are more accurate and more valid for statistical analysis given 1) the high 
variability of each sample point. 2) the non-independence of sample :points created by 
recapture ofthe same individual. 3) the potential impact of sampling bias, and 4) the 
characterization of the growth curve as logistic even though individual growth curves 
showed no evidence of logistic growth. 
Excluding years with low sample size, the growth rate obtained for M lucifugus 
in the present study was 1.35 mm/day. This is similar to growth rates published for other 
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temperate bats such as Pipistrellus subjlavus ( 1.12 mm/day: Hoying & Kunz, 1998) and 
Jfyotis thysanodes ( 1.5 mmday: O'Farrell & Studier, 1973), but significantly lo\ver than 
the published gro\vth rate forM. lucifugus ( 1.63 mm/day: Kunz & Anthony, 1982). 
Using the length of time between captures. the equation of Kunz & Anthony ( 1982) 
overestimated the rate at which the foreann length increased during the first 11 days of 
postnatal growth by almost 27% (Figure 5-4). Although growth rates obtained in one 
locality may not be valid in other parts of the species range (Anthony, 1988), both of 
these growth rates '.Vere obtained from populations in the northeastern U.S. Therefore. 
factors other than latitudinal variation clearly influence growth rate1 in this species. Food 
availability, climate. and maternal factors all may influence individual growth rates 
(Bronson, 1989; Kunz & Stem. 1995). Also, ambient temperature may be positively 
correlated with growth rates in several temperate bats (Humphrey & Cope, 1977; 
Holroyd, 1993; McOwat & Andrews. 1995). However, growth rates in the present study 
exhibited no significant annual variation. This is consistent with data from Pipistre/lus 
subflavus (Hoying & Kunz. 1998), although neither of these studies found significant 
annual variation in temperature. 
Postnatal growth rates of male and female offspring differed significantly in the 
present study; this is in contrast to data previously published forM . .lucifugus (Kunz & 
Anthony, 1982). ln the present study, fem~les had a higher growth rate in each of the 
study years. However, there was significan.t yearly variation in the magnitude of sex-
specific growth rates. This high annual variation may have resulted in a lack of gender-
21~ 
specific growth in :the single-year study conducted by Kunz & Anthony (1982). A lack of 
gender-specific growth rates was also found in two other temperate bat species. 
Pipistrellus pipistrellus (Hughes et al., 1995) and A.ntrozous pallidus (Davis, 1969). 
However. the growth curve for; P. pipistrellus was based on data from captive-born young 
fed adlib, and consequently should be interpreted with caution (Kunz, 1987; Kunz & 
Stem, 1995). A similar caution applies to the the data for A. pallidus because gender-
specific growth rates were not tested. but rather inferred from the lack of neonatal and 
adult size dimorphism. 
Theoretically, the sex whose maturation time is:more strongly influenced by an 
early birth should be produced first (Daan et al.. 1996). ForM. lucifugus, female young 
have a:greater chance of obtaining sexual maturity as yearlings (Humphrey, 1971 ). 
Although the effect of gender-speci fie reproductive timing is small (one day), it is in the 
predicted direction and, in conjunction with females remaining at the maternity colony 
longer than male offspring (Chapter Four). supports the conclusion :that female offspring 
require higher levels of parental investment during their first year. 
Early-born young have higher postnatal growth rates than late-born young in the 
greater horseshoe bat Rhinolophus femtmequinum (Ransome, 1987; McOwat & 
Andrews, 1995), although no evidence of birth-timing specific growth rates were found in 
Myotis,velifer (K.unz, 1973). I am unaware of any comparable data :collected for Myotis. 
Early-born young have significantly higher:growth rates than late-born young in the 
present study ( 1.41 mm/day vs .. 1.15 mrnlday}. In 19951 (the year with the greatest 
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difference), the mean growth rate of early-born young was 1.63 mm/day, identical to the 
growth rate of Kunz & Anthon¥ ( 1982). This suggests that growth rates in the present 
study had the potential to reach the growth rate observed by Kunz & Anthony ( 1982). 
Moreover, this suggests that the cause of the significant1difference in growth rate may be 
an artifact of different sampling designs. 
The mean parturition date was tor thle young collected in 1978 is unknown. 
However, if one assumes that reproductive timing in 19V8 was similar to data collected in 
the present study from 1995. two observatidns suggest that most ofthe young captured by 
Kunz & Anthony ( 1982) would be classified as "early-born': 1) their initial sampling date 
(17 June) was within three days of the mean date of birth for early-born young, and 2) all 
the young used in their analysis were born on or before 24 June; therefore their sample 
consisted of young born well before most ofthe late-born young. If. ho\vever. the mean 
parturition date in 1978 was 23 :June. three days later th~ the mean parturition date for 
1995, all the sampled young would have been ·early-born'. Given that 1995 had the 
earliest mean parturition date among the five years investigated by the present study. this 
assumption appears conservative. Thus, the significant difference in growth rates 
between the present study and Kunz & Anthony ( 1982) probably reflects a sampling bias 
towards early-born young in the latter study. 
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5.6 CONCLUSIONS 
Variation in environmental conditions is an important force in shaping 
reproductive strategies of temperate species. In the present study, reproductive rate. 
timing, and within~season reproductive synchrony all showed significant annual variation 
which could be explained by variation in ei1ther temperature or precipitation. Higher 
spring temperatures positively influenced both reproductive rate and reproductive 
synchrony. However. the lower rate in cooler springs may be due to either increased 
embryonic resorption or miscategorization of early pregnant females as non-reproductive 
because of reduced reproductive synchron}'l. The reproductive rate of yearling females 
was substantially lower than adult females., Consistent with previous research . . 41. 
lucifugus in New England exhibits a low level of reproductive synchrony, with less than 
.+0% ofthe females giving birth during the week ofpeak parturition. 
Annual differences in reproductive timing were correlated with spring 
precipitation, but not temperature. The lack of influence of temperature may have been 
due to the lack of significant inter-year variation in temperature. Maternal age, but not 
body condition, also appeared to influence the timing of reproduction. In addition. a 
slight, but significant. gender-biased timing of reproduction occurred with female 
offspring being born about one day earlier than male offspring. Although all these factors 
influence the timing of reproduction in A1. lucifugus, physiological and behavioral 
variation in response to cold weather may be an additional factor. 
Postnatal growth rates were obtained using both longitudinal and cross-sectional 
217 
sampling techniques. The cross-sectional technique produced a population growth curve 
that contained a substantial period (up to 10 days) without a mean change in forearm size. 
Thus. the longitudinal technique is most appropriate because the cross-sectional 
technique contains non-independent samples and produces a population growth curve that 
differs substantially from individual growth trajectories. Data from the longitudinal 
technique show that the between-year variation in growth rate is much smaller than 
between-individual:variation. In addition. both timing-dependent and sex-dependent 
growth rates were observed; catily-bom youhg and female young had significantly higher 
growth rates than late-born and male young, respectively. Growth rates observed in the 
present study were significantly lower than the growth rates of Kunz & Anthony ( 1982). 
However. the difference is probably due to~ early sampling bias in the latter study. 
Timing of reproduction is a product ofthe need to synchronize peak energetic 
needs with peak resource availability. Reproductive synchrony is the product ofthis 
environmenlal tracking overlaid upon the ability of the female to invest in reproduction. 
By reproducing early, females provide their offspring with the advantage of faster 
offspring growth rates and additional time after weaning to accumulate fat for successful 
hibernation; this should have a strong influence on the survivorship of the offspring, and 
therefolie the reproductive success of the mother. Given the strong selective pressures to 
breed early, the low observed synchrony suggests that there are high .levels of individual 
variation in the ability to breed early. Given that female offspring are born earlier, have 
a higher growth rate, and an extended period of parental care, gende~-specific investment 
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may play an important part in the reproductive strategy of M. lucifugus. Future research 
into the source of this individual variation will be important in determining which 
intrinsic factors are important in the breeding strategy of temperate species. and how 
these factors contribute to reproductive success. 
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Table 5-l. Annual variation in precipitation and temperature variables during the reproductive season of the little brown bat, 
Myotis /ucifugus (April through August) inPeterborough, New Hampshire (unique superscripts denote significant differences 
at the p < 0.05 level using single-sample t-test). 
Environmental Parameter 1993 1994 1995 1996 1997 
Total Hours of Precipitation 207• 391 b 244~b 487" 2J6ab 
Total Hours of Precipitation in the I I I ·' 146 a 88 a 198 ~ I 03 ~ 
Evening 1 
Total Days with Precipitation 47 ah <>I • 44•h 52 ah 3Xh 
Total Precipitation (mm) 317.5. 477.5 J 325.1 .• 56h.4 • 4~7.8 ~ 
Total Nights with > 4 hours of IJ ·• 14. l·' 15. 9 .• 
Precipitation 2 
Total Days with Min. Temp. < 5 "C J2• 14. 21 •h 23 ab 2~" 
Total Days--with--Max-;-'Femp;-?-2-Pe--- t-- 45 a 54 a 58 a 69 a 40 d 
Mean Daily Minimum Temperature 7.9• 8.oa 6.'P 8.5• 6.~· 
Mean Daily Maximum Temperature 22.5 ~ 22.5 a 21.8 a 2J.9a 21.5 a 
1. Total hours of precipitation during 1900 h to 0400 h 
2. Total number of nights with more than 5 hours of continuous precipitation between 1900 h to 0400 h 
'"' (.,J 
-.!) 
Table 5-2. Monthly variation in precipitation and temperature variables during the reproductive season of the little brown bat, 
Myotis lucifugus ( 1993 through 1997) in Peterborough, New Hampshire (unique superscripts denote significant differences at 
the p < 0.05 level using single-sample t-test). 
Environmental Parameter April May June July August 
- . 
---
Total Hours of Precipitation 96.4a st.o• 66.8ab 59.2 ab 29.6 b 
Total Hours of Precipitation in the 36.0" 30.6 ab 23.6 ab 26.8 ab 12.2 b 
Evening 1 
. --- --- -
Total Days with Precipitation I 0.6 ab 11.2 il 8.6ab IO.sab 6.6" 
Total Precipitation (mm) 124.0 a 91.4 ab 49.8 b 92.5 illl 77.2 b 
Total Nights with > 4 hours of 3.8 a 2.6 iib 2.2"" 1.8<~b 0.4 h 
Precipitation 2 
Total Days with Min. Temp. < 5 nc 16.8" 2.8 11 O.W o.o~ Q.() t 
~-otai-Days-with-Max.T-emp;-?-27"(' 0. 2 ah 7.6 ah 11.8 h~ 20.2 ( I J.4 ,,., 
Mean Daily Minimum Temperature -J.7• 4.0 11 10.4' 13.4 11 11.0 ( 
Mean Daily Maximum Temperature 12.3 J 19.0 b 25.2 ( 27.3 d 25.2 ,. 
1. Total hours of precipitation during 1900 h to 0400 h 
2. Total number of nights with more than 5 hours of continuous precipitation between 1900 h to 0400 h 
I 
1-.J 
~ 
0 
2-JI 
Table 5-3. Yearly differences in reproductive rate and synchrony in the little brO\vn bat. 
A{votis lucifugus (sample size in parentheses). 
Reproductive 
Rate 
(Percent of adult 
females captured) 
1993 92.7% (317) 
1994 94.6% (149) 
1995 92.4% (290) 
1996 94.1% (273) 
1997 95.1% (164) 
OVERALL 93.8%±0.5% 
(mean± SE) 
* smgle sample t-test. p < 0.05 
** single sample t-test. p < 0.01 
Reproductive Rate Reproductive 
using original Synchrony 
captures 
(Percent of young born 
(Percent of adult in 7 -day period around 
females captured) mean parturition date) 
92.2% (269) 52 . .3 ( 2661 . 
94.0% (117) 31.2!2881 . 
92.7% (82) 2o.9 122n1 ·• 
91.7%(36) 41.1 (224) 
98.1% (54)* 35.6 ( 147) 
93.7%± 2.3% 37.6 = 9.4 
Table 5-4. Yearly differences in the mean date ofparturition in the little brown bat. 
Af.,·otis lucifugus ( ± SD in days). 
Overall Female Male t value 
1993 June 20 ± 5.3 .~ June 19 ± 5.3 June 20 ± 4.9 1.25 
1994 June 23 ± 7.7 b June 22 ± 7.8 June 23 ± 7.6 1.03 
1995 June 20 ± 9.2 .~ June 20± 8.6 June 21 ::: 9.9 0.76 
1996 June 29 ± 6.8 c June 28 ± 6.5 June 29 ± 7.0 0.72 
1997 June 30 ± 7.1 11 June 29± 6.6 July 01 ± 7.5 2.42 * 
OVERALL June 24 ± 2.2 June 23 ± 2.1 June 24::: 2.2 2.1.3 * 
(mean= SE) 
supcrscnpts denote sigmficantly different values at p < 0.05 usmg analysis ofvanancc 
*two sample paired t-test. p < 0.05 
242 
2-B 
Table 5-5. Yearly differences in the postnatal growth rate in the little brown bat. Jt(mtis 
lucifugus (± SD in days). 
Sample Size i Length of Forearm Body Mass (g./day) 
I (mm/day) 
1993 5 I 0.77 ± 0.56 a 0.07 ± 0.18 ~ 
1994 22 I 1.39 ± 0.41 b 0.22 ± 0.08 b 
1995 26 1.46 ± 0.48 b 0.21 ± 0.1 I ~-" 
1996 29 1.21 ± 0.26 a..b 0.15 ± 0.11 ... ~ 
1997 8 0.90 ± 0.34 a 0.13 ±: 0.11 ~-~ 
OVERALL 5 I 1.15±0.13 I 0.16 :::: 0.03 
(mean:::: SE) 
superscnpts denote .sigmficantly different values at p < 0.05 usmg analysis ofvanance 
Table 5-6. The effect of reproductive timing on postnatal growth rate ( 1993-1997 
combined) in the little brown bat. 1\1yotis htcifugus (±SO). 
I Before mean After mean F value* p value 
parturition date parturition date 
(n=41) (n=47) 
Length of Forearm 1.41 ± 0.48 1.15 = 0.35 8.61 0.01 
(mrnlday) 
Body Mass (glday) 0.20 = 0.13 0.16 = O.lO 3.15 0.08 
*analysis ofvanance 
Table 5-7. Gender-specific postnatal growth rates ( 199B-1997 combined) in the little 
bro\vn bat. 1\1_votis /ucifugus (± SD). 
245 
Female Male , F value* p value 
(n=37) (n=Sl) 
Leng~h of Foreann 1.39 ± 0.45 1.19 ± 0.40 4.78 0.03 
(mrnlday) 
Body Mass (glday) 0.19 ± 0.13 0.17 ± 0.11 1.06 0.30 
*analysis ofvanance 
2~6 
Table 5-8. Comparison of cross-sectional and longitudinal postnatal growth ratt:s in the 
length of foreann of the little brown bat. Myotis lucifugus. 
Longitudinal Method Cross-Sectional Nfethod 
(# individuals) ( # of sampling events l 
1994 1.39 (22) 0.65 (6) 
1995 1.46 (26) 0.65 ( 101 
1996 1.21 (29) 0.97(8) 
OVERALL 1.35 ± 0.07 o. 76= n.11 
(mean± SE) 
6.1 ABSTRACT 
CHAPTER SIX 
SURVIVORSHIP AND RECAPTURE RATE 
2~7 
Survivorship is one of most important characteristics of populations. This study 
addresses the annual variation in yearling overwinter mortality and adult survivorship at a 
maternity colony of little brown bats, Myotis lucifugus. Adult recapture rates were 
significantly higher than yearling recapture rates in each year of the study. suggesting 
higher over.vinter mortality of yearlings. Variation in adult female survivorship was 
strongly correlated with precipitation levels in late summer. For yearling females. 
variation in overwinter recapture rates suggests that warm temperatures Cabo\·e 27 'C) in 
late summer may be necessary for young bats to reach adult size and obtain adequate fat 
rcscr.·cs for successful hibernation and overwinter survivorship. Although n.:capture rates 
and survi\·orship estimates were strongly correlated, survivorship estimates were 
sigmticantly higher than recapture rates, suggesting that the two measures an: related but 
not identical. 
6.2 INTRODUCTION 
The ability to reproduce is dependent upon the survival of the individual. In fact. 
sur.·ivorship affects lifetime reproductive success more than any other life history trait 
(Cheney et al., 1988; Howard, 1988; Packer et al., 1988; Wasser & Norton, 1993 ). 
Survivorship is strongly influenced by intrinsic factors, such as body condition (Tuttle & 
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Stevenson. 1982) and age (Altmann,l980; , Stevens, 1983; Dobson & Murie, 1987), as 
well as extrinsic factors such as temperature ( Havera. 1978; Thomson et al.. 1996 ), 
precipitation (Benton et al., 1995), and resource availability (Altmann. 1980; Nunes & 
Holecamp, 1996). In free-ranging populations, survivorship is most often measured 
using mark-recapture techniques (see reviews by Pollock et al.. 1990 and Nichols. 1992). 
Several models have assessed survivorship in free-ranging populations. of which 
the JoUy-Seber model (Jolly, 1965; Seber, 1965) is most widely applied. This model 
assumes an open population (Pollock et al.,! 1990), i.e. the study population is open to 
immigration (from birth or recruitment) and emigration~(death or dispersal). This model 
further assumes l) that banding has no effect on the probability of capture or survival of 
the individual; 2) that no band loss occurs between sampling intervals: 3) that 
sur:ivorship is constant between years; and 4) that sampling effort is equal between years 
( K~en. 1988). For studies with,variable sampling effort or populations with variable 
sun:i\·orship. the latter two assumptions are clearly violated. Because \·ariable 
survivorship rates are common in natural populations ofboth birds tMcCleery & Perrins, 
1988: Roberts et al., 1995) and mammals (Boyd et al., 1995; Wauters & Lens. 1995), 
constant survivorship can net be assumed a:priori. Consequently, stochastic models 
which account for variable sampling effort and survivorship, such as Cormack ( 1964), 
have been developed for use in mark-recapture studies. 
Many survivorship estimates for bats rely on regression techniques that assume 
constant survivorship and equal sampling effort (Bezem et al., 1960; Humphrey, 1971; 
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Sluiter et al. 1971 ;. Humphrey & Cope, 1976; Hitchcock & Keen. 1978; Tuttle & 
St~venson. 1982) despite knowledge that constant survivorship was ·probably not 
realized' (Bezem et al., 1960). Several traits make bats particularly amenable for 
survivorship estimates: 1) the ability to cap.ture and mark large numbers of individuals; 2) 
high levels of site fidelity (Rydell, 1989; Lewis, 1995); 3) access to. young in the 
maternity roost; and 4) their potential for long life spans (Davis & Hitchcock. 1965) . 
. \~\·oris lucifugus is particularly suitable for:such studies due to availability of relatively 
large maternity colonies (several hundred to thousands): and their tolerance of handling 
and banding. 
6.3 ~ATERIALS AND METHODS 
During the summers of 1993 through 1997, 2.0 I 0 adult female and young .\~rous 
lucifugus were captured, banded, and released at a maternity colony located in a barn and 
adjacent shed in Peterborough, New Hampshire (Table 6-1 ). Indi\·udual hats were 
captured in their roosts between 0500 h and 0700 h. placed in nylon. mesh bags, and 
transported to the field laboratory where their sex was determined and their body mass (g) 
and length of forearm (nun) were measured. Bats were assigned to three age groups; 
young-of-the-year, yearling, and adult. Young-of-the-year ('young') were bats captured 
and banded during the summer:oftheir birth. 'Yearlings' were females re-captured at the 
maternity colony who had been. originally banded as young during the previous summer, 
and 'adults' were reproductively mature females that were captured and banded as either 
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yearlings or adults. 
The reproductive condition of adult females was assigned as early pregnancy 
(captured in April-early June before the fetus was detectable by palpation), late pregnancy 
(second half of pregnancy when palpation for pregnancy is reliable), lactating, or post-
lactating (Racey, 1988). Adult females captured after the parturition period without signs 
of pregnancy or lactation were assigned as non-reproductive. For young bats, total length 
of epiphyseal gap of the fourth metacarpal 0fthe right wing was measured to the nearest 
0.02 mm by placing the outstretched wing on a dissecting microscope and viewing the 
transilluminatedjoint with an o.cular micrometer. The age of young bats was then 
estimated using the equations fe!>r length of forearm and total length of epiphyseal gap 
(Kunz & Anthony, 1982). Date of birth was calculated by subtracting the estimated age 
at capture from the date of capture. 
Bands were placed on the left wing of females and the right wing of males. 
following the convention of Barclay & Bell (1988). Aluminum lipped wing-bands (U.S. 
Fish & Wildlife) were used in 1993 through 1996 and both aluminum and incoloy lipped 
wing-bands (Lamboumes, Ltd.)1 were used in 1996 and 1997. After banding, bats were 
placed back into the holding bag, returned to the study site, and released at their roost. 
Recapture histories were generated for each individual. Separate measures were 
made for 'within-year' recaptures (any individual recaptured during the same summer in 
which it was initially banded) and 'between-year' recaptures (any individual banded in 
one year that was recaptured in any subsequent year). In an effort to maintain consistent 
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terminology, between-year recaptures are referred to as 'recapture rates' whereas within-
year recaptures are ·within-year recaptures'. Although young males were used to 
generate within-year recapture statistics. all recapture-rate data are limited to females 
because young males always disperse from the maternity roosts. Recapture rates were 
generated to assess overwinter mortality of yearling females. Adult survivorship and 
longevity estimates were calculated using the technique of Cormack ( 1964). Mean life 
expectancy was calculated using the equation: 
-1 
In Cl> 
where <P is the survivorship estimate (Keen & Hitchcock. 1980). 
Meteorological data were obtained from U.S. National Weather Service records 
collected at the Edward MacDowell Lake Station located approximately 10 km. 
northwest of the study site. Data from April through August of each year were used to 
calculate mean monthly maximum and minimum temperatures. days of snow cover in 
April. monthly total precipitation. days with greater than 1.3 mm (0.05 in) of 
precipitation, days with minimum temperature below 5°C, days with maximum 
temperature above 27°C, total hours ofprecipitation from 1900 h to 0400 h. and days 
with greater than four hours of continuous precipitation between 1900 h to 0400 h. ln 
addition to monthly totals, a seasonal total was calculated for each variable by summing 
the monthly totals from April through August. 
Statistical analyses were performed using the SAS statistical package (SAS, 
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1990). Chi-squared analysis was used to test for differences in recapture rate between 
years as well as between reproductive and age categories. Correlation analysis and a two-
sample t-test were used to compare survivorship and recapture rates within each adult 
female cohort. Single sample t-tests (Sokal & Rohlf, 1981) were used for each year to 
compare individual demographic (survivorship, mean life expectancy, and sampling 
effort) and environmental (precipitation and temperature) estimates to the mean value 
generated from the remaining years. 
6.4 RESULTS 
6.4.1 Recapture Rate 
Across the five year study, 1996 had the highest within-year recaptures for both 
adult females and young. Young bats had a 36°/o higher recapture rate than adults (23.5~·u 
vs. 17.3%, Table 6-4). In contrast, the recapture rate among adult females varied ten-fold 
(range 2.8%- 27.9%, Table 6-5); this difference in recapture rate was primarily due to the 
low recapture rate of non-reproductive females. 
Adult females had a significantly higher recapture rate than yearling females 
(37. 7% vs. 7.3%). For both adult and yearling females, the 1994 adult cohort had the 
highest recapture rate (50.9% and 10.6%, respectively: Table 6-2a). Although the 1996 
cohort had the lowest recapture rate for both adult and yearling females, only a single 
season was available in which to recapture these individuals; the between-year difference 
in recapture rate remained significant even if the 1996 cohort was excluded. Among 
reproductive classes of adults, females in late pregnancy were most likely to be 
recaptured in subsequent years, and post-lactating females were least likely to be 
recaptured in subsequent years (Table 6-5). 
6.4.2 Survivorship 
., -., 
_)..) 
Estimates of survivorship for adult or yearling males were not generated owing to 
the lack of recaptures. Annual survivorship estimates for adult females were obtained for 
1993 through 1996. The 1996 estimate is greatly underestimated due to truncated 
sampling (see Discussion). Using only adult cohorts from 1993 through 1995, the mean 
annual survivorship was 0.61, with an estimated mean life span of 2.1 years. Between 
these three years, the 1993 cohort had the lowest annual survivorship, the lowest 
estimated lite span, and the highest probability of disappearance (Table 6-6). The 
recapture rate and survivorship estimate of adult females were positively. but not 
significantly. correlated (r=0.76, p > 0.10); survivorship estimates averaged 21.03% (sd 
:i:: 4.63, p < 0.05) higher than recapture rates. 
6.4.3 Environmental Variability 
1996 was the wettest year, with over 135% more total hours of precipitation and 
78% more total precipitation (mm) than the driest year ( 1993 ). although 1996 had only 
five more days with precipitation. 1995 had intermediate levels of precipitation; 
however, it received the fewest hours of evening precipitation and the fewest number of 
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evenings with more than four hours ofpredpitation (Table 6-2). 1997 was the coldest 
year and. compared to the warmest year ( 1993), had 16 more days with a minimum 
temperature below soc and 55 fewer days with a maximum temperature above 2r·c. 
Mean daily minimum or maximum temperatures differed little between years. 
Precipitation levels declined across the reproductive season. with August 
averaging 69% fewer total hours of precipitation. four fewer days with precipitation. and 
38% less total precipitation (mm) than April (Table 6-3). April was the coldest month. 
averaging almost 17 days with a minimum daily temperature below soc. July was the 
warmest month, with 20 days having a maximum temperature above 27°C. The mean 
daily minimum temperatures increased 15.1 ,~C from April to July and the daily maximum 
increased 15.0 o C. 
6.4.4 Influence ofTemperature and Precipitation on Recapture Rates and Survivorship 
The recapture rate of yearling females was strongly influenced by the number of 
\Varm days in July (Figure 6-l; R1 = 0.91. p < 0.03). Adding total days of precipitation 
during the reproductive season into the model improved the explained variation by an 
additional 9% (Table 6-7). Recapture rate of adult females was strongly influenced by 
total precipitation in August (Figure 6-2; R2 = 0.99. p < 0.001 ). Annual survivorship of 
adult females was strongly correlated with the total days of precipitation in July (R2 = 
0.99, p < 0.01). Estimated life span was strongly correlated with the mean daily 
minimum temperature in July (R2 = 0.99, p < 0.01). Due to the method used to calculate 
survivorship and life expectancy estimates~ these correlations are based on only three 
years of data. and therefore the results are provisional. 
6.5 DISCUSSION 
6.5.1 Recapture Rate 
..,--
_)) 
The higher within-season recaptures of young bats partially1ret1ects their inability 
to escape capture as quickly as adults (Sluiter et al., 1971 ). Notwithstanding, increased 
sampling effort during the parturition period and early lactation could also have created a 
bias that produced higher recaptures of young. Thus, because within-year recaptures are 
strongly influenced by sampling effort, comparisons between years; reflect sampling 
intensity rather than population characteristics. The fact that 1996 had the highest within-
year recaptures and the highest sampling effort supports this conclusion. In addition. 
within .. year recaptures are also highly dependent on the date of first capture; post-
lactating and non-reproductive females had~the lowest within-year recaptures because 
they were captured, late in the season. Although these results are not important in 
understanding demographics, they bear out the need to separate within-season and 
between-season recapture statistics when multiple sampling events are used in long term 
population studies. 
The lack of adult male J:iecaptures prevented analysis of recapture rate or 
survivorship. Previous research at hibernation sites. however, suggests that adult male 
vespertilionid bats typically have higher recapture rates than adult females (Davis, 1959; 
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Hill & Smith, 1992, although see Bezem et al., 1960). The adult female recapture rate 
obtained in the present study was similar to. recapture rates in other temperate species 
(38% - 52%: Hitchcock et al., ,1984; Bain & Humphrey, 1986). However, comparing 
recapture rates between studies with different sampling efforts provides little information 
about seasonal or population differences in survivorship. 
The lower recapture rate of post-lactating females (12%) suggests that adult 
females are not tolerant of disturbance once, young are weaned. Although post-lactating 
females disperse fh>m maternity roosts soon after the young are weaned (Rydell. 1989; 
Kunz & Anthony, 1996), our data suggest that disturbance of these individuals either 
increases overwinter mortality or leads them to seek alternative roosts in subsequent 
yt:ars. The lower recapture rate of yearlings is consistent with previous studies on A-(..-oris 
(Fenton. 1970: Hunllphrey. I 971; Humphrey & Cope. 1977); these rates suggest high 
overwinter mortality in the first year of life, consistent with previous data for temperate 
bats in general (Foster et al., 1978: Keen. 1988) and M·. 4ucifugus in particular (Humphrey 
& Cope, 1977). The higher yearling mortality may be tlie result of the inability of young 
bats to accumulate sufficient body fat for hibernation (Humphrey, 1971; Humphrey & 
Cope, 1977; Kunz et al., 1998). Yearling recapture rate was also more variable than that 
for adults, a finding previously observed in other hibernating mammals (Dobson & 
Murie, 1987). 
:rhe difference in recapture rates between adult and yearling females in the present 
study clearly supports the need to separate adults from yC!>ung when generating recapture 
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and survivorship statistics (Brownie et al.. 1978). Recapture rates are a useful measure of 
yearling mortality during the first winter. However, recapture rates are sensitive to 
sampling effort; consequently. precautions must be taken when comparing recapture rates 
between studies. The Jolly-Seber-Cormack method is the most reliable for comparisons 
between studies or between years within a study because it provides an estimate of 
sampling effort that can be used to control the etTects of unequal sampling. 
6.5.2 Survivorship 
Survivorship estimates for Nf. lucifugus were significantly higher than recapture 
rates for each of the three years in which both measures were calculated. The 
survivorship estimates from the present study varied annually, but were within the range 
typical for vespertilionid bats (Table 6-8). Survivorship can not be measured in the final 
year of the study. except by taking the product of the the survivorship estimate of the 
previous year and the sampling effort of the final year <<Pn-t * Pn: Lindenmayer et al.. 
1998}; however. this approach assumes constant survivorship and was therefore 
considered inappropriate. [n addition, the 1996 survivorship estimate was not used in any 
ofthe analyses because of the limited opportunity to recapture these individuals. 
Although the survivorship estimate assumes that all non-recaptured individuals are dead. 
the mean life expectancy estimates suggest that most of the 1996 cohort was still alive; 
this truncated sampling effort produced the low survivorship estimates for the 1996 
cohort (Brownie et al., 1978). Additional years of data on this colony will increase the 
accuracy of the 1996 estimates and the precision of the estimates for 1993 - 1995 
(Brownie et al.. 1978 ). 
25S 
Because most bats captured in this study were adults of unk!nown age. changt!s in 
annual survivorship could be due to variations in the papulation age structure. However. 
because adult mortality in temperate bats is age-independent (Sluiter et al.. 1971 ). 
Variation in these rates probably reflects year-specific mortality. Because each year can 
be analyzed separately, the role of course-grain environmental influences on cohon 
survivorship can be tested. 
6.5.3 Environmental Influences on Recapture Rate, Survivorship,
1
and Life Expectancy 
The reproductive period in 1993 was the warmest and driest, with 1997 bt!ing tht! 
coldest. and 1996 being the we~test. Although the driest and wettest years diffcrcJ 
significantly in total hours and days of precipitation, they did not differ in total 
accumulation of precipitation. Similarly, the only significant difference between the 
warmest and coldest years was in the total number of days below 5 ~~c. Of the thrcc years 
in which survivorship data were obtained, 1994 was the wettest and 1995 was the coldest. 
but the differences were not significant. The monthly variation tended to be smaller than 
the annual variatiom and subsequently, more of the monthly comparisons were 
significantly different. 
Ambient temperature increased 15 oc from April through July before declining in 
August. Further, July had an average of20 days above 27°C; variation in the number of 
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wann days in July ,was strongly correlated with the yearling recapture rate. This suggests 
that annual variation in postnatal growth rate can markedly influence overwinter 
mortality, as 1) most of the postnatal growth occurs during July and 2) postnatal growth 
rates are known to be influenced by environmental tem~erature (Racey. 1973; Stem. 
1996; Hoying & Kunz. 1998; Chapter 5). Precipitation:explained an additional 9° o of 
variation in yearling recapture rate, and was the only environmental variable that 
influenced adult recapture rate and survivorship. 
Precipitation decreased throughout the reproductive season. with August 
averaging 69% fewer hours and 38% less total accumulation than in April. Precipitation 
generally has a negative influence on reproductive success (and therefore. possibly 
survival) in bats due to the inability of bats: and their prey to fly (Anthony et al.. 1981; 
Kunz & Anthony. 1996; Hoying & Kunz, 1998). In thelpresent study. precipitation ~c,:,·ds 
in August were positively correlated with adult recapture rates, although the strength of 
the correlation must be weighed against the limited number of data points (n-=4 ). This 
suggests that important differences in precipitation patterns exist between the parturition 
period (June and July) and the month of August. Although precipitation may ha\·c a 
negative influence on reproductive success during the parturition period (Chapter 5 I. 
August precipitation may positively influence survivorship. 
August had mean precipitation levels that were 17% lower than July. Because 
August precipitation declines much more than temperature, relative to July, vegetative 
productivity, and consequently insect biomass, may be more strongly influenced by 
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annual variation in precipitation. If true, then years with higher late summer precipitation 
may maintain insect availability throughout late summer and into early autumn. 
6.6 CONCLUSION 
Survivorship was estimated using recapture rates and Jolly-Seber-Corrnack 
survivorship estimates; although the estimates were strongly correlated. they were 
significantly higher than recapture rates, suggesting that the two measures arc not 
identical. Survivorship estimates in the present study were limited to adult females O\ cr a 
three-year period, so clearly additional data are needed. Nonetheless. the annual variation 
in survivorship was strongly correlated with precipitation levels in late summer. If. as 
hypothesized, late summer precipitation maintains insect biomass. then foraging longer 
into the:: post-lactating period may increase adult female survivorship by increasing the 
time to accumulate body fat prior to hibernation. Survivorship for young. however. 1s 
more strongly correlated to late summer temperatures. 
Overwinter recapture rates for yearling females suggest that warm temperatures 
(above 27 =c) in late summer influence overwinter survival. Perhaps late summer 
temperatures influence the amount of time that young bats can remain euthermic, and 
thus the rate at which temperature-dependent metabolic processes can occur. The 
influence of temperature suggests that, in young bats, the critical resource in late summer 
is developmental time rather than food. As young bats have higher fat reserves than post-
lactating adults (Chapter Two), and do not accumulate overwintering fat until after 
September (Kunz et al.. 1998), the ability to remain euthermic is important for 
completing skeletal growth and sexual maturation. 
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Figure 6-1. The positive influence of July temperature (number of days above 27 "C) on yearling recapture rate in A~votis 
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Table 6-1. Number of little b[I'Qwn bats, JW.,votis lucifugus, captured from the Carr Colony 
(Peterborough, New Hampshire) during the years 1993 through 1997. 
1993 1994 1995 1996 1997 Total 
Early Pregnancy 0 1-+9 13 73 2 237 
Late Pregnancy 82 117 45 10 6 260 
Lactating 135 51 40 33 45 304 
Post-Lactating 16 I 0 3 5 25 
Non ... Reproductive Adults 18 10 4 4 l 37 
Young 266 : 29() 120 224 147 1 '147 
Total 517 oiS 322 347 206 2.010 
Table 6-2. Precipitation and temperature during the reproductive season of the little brown bat, M.votis lucifugus (April 
through August, n = 153 days) in Peterborough, New Hampshire (unique superscripts denote significant differences at the p-< --
0.05 level). 
Environmental Parameter 1993 1994 1995 1996 1997 Mean ±SO 
Total Hours of Precipitation 307~11 391b 244a 487b 236" 333.0 ± 106.2 
Total Hours of Precipitation in the Evening 1 II I ·' 146 a 88 J 198 a 103 a 129.2 ± 44.0 I 
I 
Total Days with Precipitation 44 Jll 61 J 44ah 52 ah 38h 47.8 ± 8.9 I I 
' 
I 
Total Precipitation (mm) 317.5• 477.5" 325.1 a 566.4 J 487.8 J 434.9 ± 109.3 
Total Nights with > 4 hours of Precipitation ~ n· 14 il :\ J 15 a 9il 10.8 ± 4.9 
-· -
Total Days with Min. Temp. < 5 or JS• 47• 51 • 41 J 54 a 46.2 ± 6.7 
Total Days with Max. Temp.> 27°C 102 ·' 99 J l)() J 96 J 61 a 89.6 ± 16.6 
Mean Daily Minimum Tcmp...eraLure_ __ 
---- . 
-- 7.8 j_ 8.0 ± <>. 7 ± 8.2 ± 6.8 ± 6.1 ± 3.0 
(±between-month SD) 5.4 J 6.3" 6.5 J 6.4" 7.0" 
Mean Daily Maximum Temperature 22.4 1: 22.3 ± 21.7± 21.6 ± 21.0± 21.8 ± 0.6 
(±between-month SD) 5.8 J 6.2 01 6.5 J 6.4 a 7.0 I 
1. Total hours of precipitation during 1900 h to 0400 h 
2. Total number of nights with more than 4 hours of continuous precipitation between 1900 h to 0400 h 
1-.J 
---..! 
1-.J 
Table 6~3. Precipitation and temperature (Mean ±SO) during the reproductive season of the little brown bat, M,voris lucifugus 
(1993 through 1997) in Peterborough. New Hampshire (unique superscripts denote significant differences at the p < 0.05 
level). 
Environmental Parameter April May June July August 
Mean Hours of Precipitation 96.4 j 33.2 .• 81.() ± 42.7~ 66.~ ± 49.4 ~h 59.2 ± 47.0~11 29.6 ± 16.6 h 
Mean Hours of Precipitation in the Jb.O ± 13.0 ~ 30.6 ± 19.4 Jh 23.6 :t. 21.7 Jh 26.8 ± 21.6 Jh 12.2 ± 8.9 h 
Evening 1 
Mean Days with Precipitation 1 0.6 :f: 2.1 ~h 11.2 ± 3.5 01 8.() J: 3.4 ~~~ 10.8 ± 4.0ah 6.6± 3.8 h 
Mean Precipitation (mm) 124.0 ± 60.X J 91.4 :l 45.0 Jh 41) ,!) :I .25.4 h 92.5 ± 45.9 ~h 77.2 ± 49.0 b 
Mean Nights with > 4 hours of .l~ .l 1.9 ~ 2.6 f_ 2.7 oih 2.2 J 2.b Jh 1.8 ± 1.5 ab 0.4 ± 0.9 b 
Precipitation 2 
Mean Days with Min. Temp. < 5 or 27.2 ± 0.8 a 16.4±5.8b 1.8 ± 1.5 ( 0.0 ± o.oc 0.8 ± o.sc 
Mean Days with Max. Temp.> 27°C 3.2 ± 2.3 Dh 9.4 ± 3.0 ab 20.8 ± 8.4 ~ 29.4 ± 1.5 c 26.8 ± 4.6 be 
Mean Daily Minimum Temperature -1.7±1.)11 4.0 ± 1.4b 10.3 ± 1.1 c 13.4±1.3d 11.6 ± 1.5 c 
Mean Daily Maximum Temperature 12.2 ± 0.9 a 19.0 ± 1.2 b 25.2 ± 0.9 c 27.3 ± 1.2 d 25.2 ± 1.9 c 
1. Total hours of precipitation during 1900 h to 0400 h 
2. Total number of nights with more than 4 hours of continuous precipitation between 1900 h to 0400 h 
I..J 
...... 
IJ~ 
Table 6-4. Recapture rate (percent of individuals recaptured) between years and age classes in the little brown bat, Myotis 
lucifugus. 
1993 1994 1995 1996 
Adults - Overall Recaptures 39.84 57.93 44.12 39.02 
Young - Overall Recaptures 9.40 26.04 37.27 40.63 
A<hllt - Within Year 11.95 16.16 16.6 7 34.15 
Young- Within Year 6.77 20.83 33.64 38.84 
Adult - Between Year 33.86 50.91 35.29 12.20 
Young - Between Year 1 5.00 10.60 8.80 3.74 
1 
'Young' restricted to female young returning to maternity colony 
• 'X,2, significance p < 0.05 
•• x.2, significance p < 0.01 
I 1)97 Mean± SO X! value ' 
I 
I 
12.28 45.30 ± 14.2 51.20 u 1 
i 
20.41 26.46 ± 11.4 78.90 .. l 
1~.28 17.31 ± 9-.2 30.74 "'"' 
20.41 23.49 ± 12.6 85.26 .. 
··-- 37.69 ± 15.9 60.29 •• 
-- 7.27 ± 3.2 5.97 
I..J 
"' 
,_ 
Table 6-5. Recapture rate (percent of individuals recaptured) between reproductive classes in the little brown hat, Myotis 
lucifugus. 
Early Late Lactating Post- Non- Mean± SD X.! value 
Pregancy Pregnancy Lactating Reproductive 
Within Year 27.85 16.85 12.25 4.00 2.78 17.31 ± 10.3 32.24 •• 
Between Year 38.82 41.76 28.48 12.00 J(,_JI 37.69 ± I 1.9 18.19** 
--
•• x.2• significance p < 0.01 
. ...., 
-.....1 
V1 
Table 6-6. Recapture data and estimates of survivorship and life expectancy fix adult female 11-~l'otis lucifugus captured at a 
maternity colony in Peterborough, New Hampshire. Jlincs replace values that can not be calculated by the method of Commck 
(I 964)] 
Individuals Individuals Individuals Estimated I:stimatcd Probability of Estimated 
Marked Recaptured Seen for Annual Life Span Disappearance Sampling 
(bi) (a,) Last Time Survivorship (E) (X,) Effort 
(c,) ( 1/1,) (p,) 
1993 251 () I Cl5 0.52 1.53 0.6(1 
- - -
-
1994 328 39 l7'J 0.69 2.74 0.49 0.30 
1995 102 151 I 2CI 0.62 2.07 0.50 0.47 
1996 123 200 263 0.19 0.59 0.81 0.77 
1997 59 71 128 -- ---- - -
----
I...J 
...... 
0\ 
Table 6-7. Influence of precipitation and temperature on anmml variation in reproductive and life history traits in the lillie 
brown bat Myotis lucifugus. 
Environmental Variable (X) 
Adult Recapture Rate Total Precipitation ( mm) 111 August 
(Between Years) 
Annual Survivorship Total Days of Prccipitation in July 
Yearling Recapture Days in July Above 27 Cclcius (X 1) 
Rate (Between Years) Total Days of Precipitation in 
Season (Xl) 
- ------
----~~-
--
• F test, significance p < 0.05 
•• F test, significance p < 0.01 
Regression I !lJUat ion R! adJ F 1,11l value 
=- II. 97 t I U I (X) 0. 1)9 F -= 699 I ** tiJJ • 
= 0.18 + 0.04 (X) 0.99 F(l.l1== 259.5 * 
== -10.59 + 0.59 (X 1) + 0.11 1.00 F12,31== 88552.9 ** 
(Xl) 
-----·-
I 
I 
I ..I 
---1 
-J 
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Table 6-8. Mean survivorship and life span estimates of adult female vespertilionids 
(listed in order of increasing survivorship estimate). 
Species Mean Mean Life Reference 
Survivorship Span (years) 
lv(votis leehii 0.421 ± 0.07 1.15 ± 0.22 Hitchcock et al., 1984 
Eptesicus fitScus 0.47 ± 0.06 1.31 ± 0.33 Hitchcock et al., 1984 
!v(votis lucifugztS 0.49. - Humphrey, 1971 
Eptesicus fitscus 0.60 - Goehring, 1972 
Myotis lucifugztS 0.61 ± 0.08 2.1 1 :!: 0.60 present study 
A(rotis myotis 0.64. - Bezem et al.. 1 960 
Alyotis dasycneme 0.67. - Bezem et al.. 1 960 
~~(votis emarginatzls 0.70 * 2.8 Bezem et al., 1960 
M_votis dasycneme 0.70. 2.8 Sluiter et al. 1971 
M_votis /ucifugus 0.71 ± 0.02 2.90 ± 0.26 Keen & Hitchcock, 1980 
:\{\'Otis mystacinus 0 7-. .. ~ 3.5 Sluiter et al.. 1956 
Plecotus auritus 0.75 - Stebbings. 1966 
Pipistre//us subf/a\·us 0.75 ± 0~1 - Davis. 1966 
~~(votis lucifugzts 0.76 * - Hitchcock & Keen. 197S 
/v!votis leehii 0.76 ± 0.11 3.59 ± 1.89 Hitchcock et al.. 1984 
A'(votis myscacinus 0.77 * 1.96 Bezem et al.. I 960 
Eptesicus fitscztS 0.77 - Beer. 1955 
M_votis daubentoni 0.80 * 4.5 Bezem et al., 1960 
Myotis lucifugus 0.82 ±. 0.01 4.91 ± 0.30 Keen & Hitchcock, 1980 
Myotis lucifitgztS 0.86 * - Humphrey & Cope, 1976 
. 
*survivorship estimate based on slope measurement usmg regression 
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